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Abstract.  We  address  the  significance  of  changes  in  summer  thermal  stratification 
patterns  of  Adirondack  lakes  affected  by  acidification  to  cold-water  fish  populations 
inhabiting  these  sensitive  lakes.  The  brook  trout  (Salvelinus  fontinalis)  is  the  primary 
cold-water  fish  species  indigenous  to  acid-sensitive  lakes  in  the  Adirondack  region  of 
northern  New  York  State;  the  ability  of  these  lakes  to  sustain  this  important  sport  species 
is  highly  dependent  on  the  availability  of  adequate  summer  habitat,  consisting  of  cool, 
well-oxygenated  water. 

We  hypothesized  that  acidification-induced  reductions  in  the  thermal  stability  of 
sensitive  Adirondack  lakes  could  lead  to  degradation  of  potential  brook  trout  habitat.  We 
also  hypothesized,  on  the  basis  of  energetic  considerations,  that  brook  trout  growth  and 
average  size  at  age  would  be  sensitive  indicators  of  differences  in  the  extent  and 
availability  of  preferred  summer  habitat  in  leikes  with  different  thermal  structures. 

These  hypotheses  were  addressed  in  this  study  by  utilizing  data  available  fi:t)m  previous 
lake  liming  studies  in  the  Adirondack  region,  brook  trout  growth  data  from  management 
studies  in  the  region,  and  the  extensive  Adirondack  Lake  Survey  Corporation  (ALSO) 
data  base.  We  compared  brook  trout  growth  among  lakes  with  known  thermal 
stratification  patterns;  analyzed  temporal  changes  in  the  extent  and  availability  of 
preferred  brook  trout  habitat,  resulting  fix>m  changes  in  acid  or  base  status  of  limed 
Adirondack  lakes;  and  applied  a  bioenergetic  growth  model  for  sensitivity  analysis  of 
temperatvire  effects  on  simulated  growth  of  brook  trout  populations  inhabiting  lakes  with 
different  thermal  structures. 

Analyses  of  the  relation  between  stratification  status  of  ALSC  lakes  and  water  color 
indicated  that  shallow,  low-color  leikes  were  most  sensitive  to  changes  in  thermeJ 
stratification  status  induced  by  acidification-related  changes  in  water  color  and 
transparency.  This  finding  was  confirmed  by  observations  of  changes  in  color, 
transparency,  and  thermal  stratification  in  limed  lakes  after  neutralization  and 
reacidification,  where  significant  changes  in  transparency  and  thermal  stratification 
status  were  observed  only  in  low-color  lakes. 

More  than  70%  of  the  small,  shallow  ALSC  lakes  were  classified  as  predominantly  weakly 
stratified  systems  that  would  be  potentially  sensitive  to  changes  in  thermal  stratification 
status  resulting  irom  relatively  small  changes  in  color  and  transparency.  On  the  basis  of 
historical  trends  of  decreased  water  color  in  one  Adirondack  drainage  system,  it  was 
estimated  that  if  comparable  changes  in  color  had  occurred  in  these  sensitive  lakes,  about 
22%  more  strongly  stratified  lakes  would  have  been  present  in  the  1940's  than  are  now 
present  in  the  region. 


2  Biological  Report  9 


Preferred  thermal  habitat  for  brook  trout  was  defined  as  the  lake  region  within  the 
temperature  range  of  10-16°  C,  having  dissolved  oxygen  levels  greater  than  6  ppm. 
Experimental  liming  studies  demonstrated  that  the  temporal  availability  and  volumetric 
extent  of  this  habitat  is  significantly  increased  as  a  result  of  decreased  transparency  and 
increased  thermal  stability  after  liming  of  shallow,  low-color  lakes.  Reacidification  of 
these  lakes  resulted  in  decreases  in  the  avedlability  of  preferred  brook  trout  habitat. 
Comparisons  of  brook  trout  growth  in  unstratified  and  stratified  Adirondack  lakes 
revealed  significantly  greater  mean  weights  for  older  (>  age  2),  larger  brook  trout  in 
stratified  leikes,  but  no  significant  effects  of  stratification  on  growth  of  yoimger  (age  1) 
trout.  Tlie  smaller  fish  did  not  seem  to  be  constrained  by  the  observed  range  of 
midsummer  thermal  conditions  in  Adirondack  lakes,  but  growth  seemed  to  be  strongly 
density-dependent. 

Simulations  of  brook  trout  growth  in  unstratified  and  stratified  lakes  also  predicted  an 
increasing  differential  in  weight  at  age  between  the  lake  stratification  types  as  a  result 
of  summer  reductions  in  growth  rate  of  brook  trout  in  warm,  unstratified  lakes.  This 
analysis  also  suggested  that  sustained  growth  in  unproductive  Adirondack  waters  of 
older  brook  trout  (>  age  2),  beyond  an  approximate  threshold  of  500-600  g  body  weight, 
requires  the  availability  of  low  (<16°  C)  summer  water  temperatiires  that  would  be 
available  only  in  stratified  lakes. 

Both  high  population  density  and  limitations  in  the  temporal  availability  or  spatial 
extent  of  preferred  thermal  habitat  in  shallow  Adirondack  lakes  are  of  primary 
significance  in  determining  population  growth  patterns  and  limiting  maximum  size  at 
age  for  older  age  classes  of  brook  trout.  Brook  trout  populations  presently  most 
susceptible  to  negative  effects  from  acidification-induced  increases  in  transparency  and 
consequent  reductions  in  preferred  thermal  habitat  occur  primarily  in  shallow,  low-color 
lakes  that  are  marginally  acidified  and  either  weakly  stratified  or  strongly  stratified  with 
anoxic  hypolimnia.  As  judged  firom  results  of  experimental  liming  studies,  significant 
improvements  in  brook  trout  thermal  habitat  could  be  achieved  in  these  lakes  by  reducing 
acidity  levels. 

Key  words:  Acidification,  Adirondack  region,  brook  trout,  lakes,  liming,  thermal 
stratification. 


Several  studies  have  documented  that  in¬ 
creased  transparency  often  accompanies  the  acidi¬ 
fication  of  leikes  (Schofield  1972;  Aimer  et  al,  1974; 
Malley  et  al.  1982;  Yan  1983;  Shearer  et  al.  1987) 
and  experknentsd  liming  studies  have  demon¬ 
strated  the  reversibility  of  this  relation  (Schofield 
et  al.  1989;  Driscoll  et  al.  1990).  These  acid-base- 
related  shifts  in  transparency  are  believed  to  occur 
as  a  result  of  changes  in  water  color  due  to  in¬ 
creases  or  decreases  in  dissolved  organic  carbon 
and  phytoplankton  production  (Bukaveckus  and 
Driscoll  1990).  Changes  in  transparency  may  also 
alter  the  thermal  characteristics  of  lakes  affected 
by  acidification;  concern  for  the  effects  that  ther¬ 
mal  structure  changes  might  have  on  cold-water 
fish  species  endemic  to  waters  affected  by  acidifi¬ 
cation  has  been  expressed  (Effler  and  Owens  1985; 
Bukaveckus  and  Driscoll  1990;  Driscoll  et  al. 
1990).  Modeling  studies  completed  during  the  first 
phase  of  this  study  (Driscoll  et  al.  1990)  indicated 


that  modest  changes  in  light  attenuation  of  shal¬ 
low  (5-10  m  maximum  depth)  Adirondack  lakes 
could  cause  significant  changes  in  summer  ther¬ 
mal  stratification  patterns.  This  prediction  was 
supported  by  observed  decreases  in  transparency 
and  shifts  from  weak  or  unstratified  conditions  to 
strong  thermal  stratification  after  liming  of  pre¬ 
viously  acidic  lakes.  Reacidification  of  these  limed 
lakes  resulted  in  a  return  to  unstratified  or  weak 
thermal  stratification  patterns,  associated  with 
increased  transparency. 

Species  existing  at  the  geographic  limits  of  their 
natural  distribution  tend  to  be  particularly  vulner¬ 
able  to  changes  in  limiting  environmental  factors 
(MacCrimmon  et  al.  1971).  The  southern  extent  of 
lake-dwelling  populations  of  brook  trout 
(Salvelinus  fontinalis)  is  limited  by  temperature  to 
northern  New  York  State,  and  their  distribution 
further  southward  is  limited  primarily  to  headwa¬ 
ter  streams  (MacCrimmon  and  Campbell  1969; 
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Power  1980).  The  brook  trout  is  the  primary  cold- 
water  sport  fish  indigenous  to  small,  shallow  Adi¬ 
rondack  lakes;  the  ability  of  these  lakes  to  sustain 
viable  brook  trout  populations  is  highly  dependent 
on  the  availability  of  summer  habitat  with  cool, 
well-oxygenated  water. 

Because  fish  are  poikilotherms,  the  amoimt  of 
energy  required  to  maintain  basal  metabolism  is 
determined  by  the  temperature  of  their  environ¬ 
ment.  With  an  increase  in  temperature  more  en¬ 
ergy  is  required  for  basic  metabolic  processes  and 
less  energy  is  available  for  growth.  In  summer,  fish 
move  into  thermal  habitats  that  best  suit  their 
metabolic  requirements  (Magnuson  et  al.  1979; 
Coutant  and  Benson  1990).  For  species  whose  me¬ 
tabolic  optimal  temperature  occurs  within  or  below 
the  metalimnion,  population  size  and  individual 
growth  rates  may  be  determined  by  habitat  limita¬ 
tions  in  late  summer  when  the  volume  of  cold  water 
available  is  at  a  minimum.  The  crowding  of  fish  into 
limited  summer  thermal  refugia  can  also  contrib¬ 
ute  to  increased  disease,  intraspecific  competition, 
deteriorating  body  condition  as  food  sources  are 
exhausted,  overfishing,  increased  catch  and  release 
mortality,  and  even  decreased  survival  of  eggs  and 
larvae  presumably  due  to  energetic  deficits  of  fe¬ 
males  during  egg  development  (Magnuson  et  al. 
1979;  Coutant  and  Benson  1990). 

On  the  basis  of  laboratory  growth  studies  and 
field  observations  of  summer  distribution,  the  pre¬ 
ferred  temperature  range  for  brook  trout  is  about 
10-16®  C,  at  dissolved  oxygen  levels  greater  than 
5  ppm  (MacCrimmon  and  Campbell  1969;  Cherry 
et  al.  1977;  Coutant  1977;  Cone  1987).  These  pre¬ 
ferred  environmental  conditions  are  generally 
foimd  within  the  metalimnetic  region  of  stratified 
Adirondack  lakes  during  summer  months.  Con¬ 
versely,  minimum  water  column  temperatures  in 
unstratified  Adirondack  lakes  generally  exceed 
the  preferred  temperature  range  for  brook  trout 
in  late  summer.  Although  brook  trout  can  survive 
at  these  higher  temperatures,  below  the  lethal 
limit,  increased  energy  costs  for  basal  metabolism 
would  probably  result  in  less  energy  for  growth. 
This  limitation  would  be  most  severe  for  older, 
larger  fish  that  metabolize  less  efficiently  at 
higher  temperatures  than  smaller  fish  (Baldwin 
1956).  Given  these  observations,  we  hypothesized 
that  brook  trout  growth  and  average  size  at  age 
should  be  sensitive  indicators  of  differences  in  the 
extent  and  availability  of  preferred  summer  ther¬ 
mal  habitat  in  stratified  and  imstratified  Adiron¬ 
dack  lakes. 


The  presence  or  absence  of  brook  trout  in  an 
ecosystem  is  commonly  used  to  indicate  the  quality 
of  the  environment.  Environmental  conditions 
that  may  limit  the  growth,  survival,  and  distribu¬ 
tion  of  brook  trout,  but  do  not  result  in  their  extinc¬ 
tion  from  a  body  of  water,  can  be  overlooked.  An 
ancillary  effect  of  acidification  that  has  not  been 
previously  investigated  is  the  degradation  of  brook 
trout  thermal  habitat.  The  relevance  and  potential 
severity  of  this  phenomenon  in  the  Adirondack 
region  were  explored  in  this  study.  Specifically,  we 
analyzed  the  effects  of  acid-beise-related  changes 
in  the  thermal  structure  of  Adirondack  lakes  on 
the  availability  of  summer  habitat  for  brook  trout 
and  the  resulting  growth  characteristics  of  popu¬ 
lations  inhabiting  these  lakes. 

Methods 

Description  of  Study  Lakes 

Four  groups  of  lakes  were  selected  for  study:  all 
Adirondack  Lake  Survey  Corporation  (ALSO) 
lakes  with  brook  trout  present  (N  =  577),  the 
Adirondack  Fisheiy  Research  Program  (AFRP) 
lakes  managed  intensively  for  brook  trout  {N  = 
11),  the  Extensive  Liming  Study  (ELS)  lakes 
stocked  with  brook  trout  (N  =  9),  and  the  Lake 
Acidification  Mitigation  Project  (LAMP)  lakes 
managed  for  brook  trout  (N  =  2).  Greneral  mor¬ 
phometric  features,  brook  trout  population  status, 
and  base  addition  histories  for  the  AFRP,  ELS,  and 
LAMP  lakes  are  provided  in  Table  1;  charac¬ 
teristics  of  the  ALSO  lakes  were  summarized  by 
Gallagher  and  Baker  (1990). 

The  AFRP  lakes,  managed  intensively  for  brook 
trout,  are  on  private  lands  in  the  southwestern 
Adirondack  Moimtain  region.  Most  of  the  lakes 
lack  natuTEil  reproduction  but  have  had  a  sus¬ 
tained  presence  of  brook  trout  for  10  to  35  years 
through  maintenance  stocking  of  fall  fingerlings 
(N  =  8).  Some  of  the  leikes  have  brook  trout  popu¬ 
lations  supported  entirely  (N  =  1)  or  partially 
(N  =  2)  by  natural  reproduction.  Those  lakes 
threatened  by  acidification  have  been  limed,  either 
on  an  annual  basis  since  the  early  1970's  (N  =  3) 
or  sporadically  since  the  late  1950's  (AT  =  6)  to 
maintain  adequate  water  quality  for  brook  trout 
survival.  Some  lakes  are  marginally  acidic  yet 
have  not  been  limed;  these  serve  as  "acid  controls" 
(N  =  2).  The  AFRP  lakes  range  from  2.6  to  133.2 
ha  with  maximum  depths  of  5.0  to  13.5  m. 
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Table  1.  Morphometry,  brook  trout  population  status,  and  base  addition  history  for  lakes  of  the 
Adirondack  Fishery  Research  Program,  (AFRP),  the  Extensive  Liming  Study  (ELS),  and  the  Lake 
Acidification  Mitigation  Project  (LAMP), . 


Lake  group 

S.A. 

(hectares) 

Depth  (meters) 

Mean  Maximum 

Brook  trout 
population 
status 

Base  addition 
history 
(tons) 

AFRP  lakes 

Canachagada 

133.2 

4.3 

13.5 

Stocked  (80%) 
Natural  (20%) 

Occasional  (10-40) 

Chambers 

10.4 

3.6 

9.0 

Stocked  (46%) 
Natural  (66%) 

Occasional  (6-10) 

Deer 

13.2 

3.6 

5.0 

Stocked  (1(X)%) 

Annual  (6-8) 

Fourth  Bisby 

24.3 

2.9 

8.25 

Stocked  (100%) 

Annual  (6-8) 

Goose 

6.1 

— 

5.0 

Stocked  (100%) 

Unlimed  (0) 

Green 

10.3 

6.6 

12.5 

Stocked  (100%) 

Occasional  (2-10) 

Jones 

22.9 

1.9 

9.0 

Natural  (100%) 

Occasional  (10-21) 

Mountain 

3.4 

— 

7.0 

Stocked  (100%) 

Annual  (6-8) 

Otter 

9.6 

3.6 

10.4 

Stocked  (100%) 

Unlimed  (0) 

Rock 

76.9 

2.0 

6.2 

Stocked  (1(X)%) 

Occasional  (10-20) 

Wheeler 

2.6 

— 

6.2 

Stocked  (100%) 

Occasional  (6) 

ELS  lakes 

Big  Chief 

1.2 

4.4 

11.0 

Stocked  (100%) 

Fall  1983  (4.54) 

Mountain 

6.0 

4.7 

8.5 

Stocked  (100%) 

Fall  1983  (12.02) 

Highrock 

4.0 

3.6 

8.2 

Stocked  (100%) 

Fall  1983  (7.26) 

Trout 

3.7 

1.3 

5.0 

Stocked  (100%) 

Fall  1983  (4.99) 

Silver  Dollar 

0.6 

4.1 

8.5 

Stocked  (1(X)%) 

Fall  1984  (2.72) 

Pocket 

1.2 

2.9 

11.6 

Stocked  (100%) 

Fall  1984  (6.35) 

Jones 

5.3 

6.4 

14.7 

Stocked  (100%) 

Fall  1984  (17.69) 

Indigo 

6.7 

3.7 

6.0 

Stocked  (100%) 

Fall  1984  (9.30) 

Barto 

6.6 

2.9 

6.6 

Stocked  (100%) 

Fall  1984  (13.11) 

LAMP  lakes 

Woods 

23.0 

2.3 

11.6 

Stocked  (100%) 

Spring  1986  (23.0) 

Cranberry 

10.0 

2.9 

7.6 

Stocked  (100%) 

Spring  1986  (7.0) 

The  ELS  lakes  are  in  the  same  geographic  re¬ 
gion  as  the  AFRP  lakes.  These  lakes  were  all 
acidified,  fishless  waters  before  lime  applications 
and  annual  fall  fingerling  brook  trout  plants,  be¬ 
ginning  in  1983  (N = 4)  and  1984  (N  =  5).  The  lakes 
received  one  application  of  lime  and  were  allowed 
to  reacidify  to  evaluate  the  rate  of  reacidification 
and  effects  on  the  stocked  brook  trout  populations. 
The  ELS  lakes  range  from  0.5  to  6.0  ha  with 
maximum  depths  of  5.0  to  14.7  m.  Schofield  et  al. 
(1986)  and  Gloss  et  al.  (1989a)  provide  detailed 
results  of  the  Extensive  Liming  Study. 

The  two  LAMP  lakes  (Woods  Lake  and  Cran¬ 
berry  Pond)  were  acidic,  fishless  waters  before 
initial  liming  and  stocking  with  brook  trout  in 
spring  1985.  Cranberry  Pond  received  only  one 


treatment  (as  in  the  ELS  lakes)  and  reacidified  in 
fall  1985.  Woods  Lake  received  maintenance  lim¬ 
ing  treatments  and  aimual  stocking  through  1990. 
Descriptions  of  these  waters  and  the  treatment 
responses  are  presented  in  Driscoll  et  al.  (1989) 
and  Gloss  et  al.  (1989b). 

Water  Quality  Measurements 

Water  quality  surveys  were  conducted  on 
ALSC,  AFRP  ELS,  and  LAMP  lakes  during  open- 
water  periods.  Temperature  (°  C)  profiles  were 
measured  at  0.5  m  intervals  in  the  ALSC  and 
AFRP  lakes  in  July  or  August,  when  water  tem¬ 
peratures  were  most  limiting  for  brook  trout. 
More  frequent  temperature  profiles  were  meas- 
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ured  throughout  the  open-water  period  in  ELS 
and  LAMP  lakes.  Additional  parameters  meas¬ 
ured  were  Secchi  depth  (meters),  apparent  color, 
and  pH  and  dissolved  oxygen  (ppm)  at  the  surface, 
thermocline,  and  bottom.  Water  quality  surveys 
were  routinely  conducted  for  ELS  (monthly)  and 
LAMP  (3-week  intervals)  lakes.  Water  samples 
were  analyzed  for  dissolved  oxygen,  pH,  and  other 
parameters  (ELS,  Schofield  et  al.  1986;  LAMIJ 
Driscoll  et  al.  1989). 

Classification  of  Lakes  Based  on  Thermal 
Stratification 

Both  observed  summer  thermal  profiles  and 
Secchi  depth  measurements  were  used  to  deter¬ 
mine  thermal  stratification  classes  for  ALSO, 
AFRI?  ELS,  and  LAMP  lakes,  by  using  EPA  East¬ 
ern  Lakes  Survey  stratification  criteria  (Lin- 
thurst  et  al.  1986)  and  the  UFILSl  thermal  strati¬ 
fication  model  (Driscoll  et  al.  1990).  The  three 
thermal  stratification  categories  were  defined  as 
follows: 

Strongly  stratified:  temperature  difference 
between  1.5  m  and  60%  of  maximum  depth 
greater  than  or  equal  to  4°  C; 

Weakly  stratified:  temperature  difference 
between  1.5  m  and  60%  of  msiximum  depth  less 
than  4®  C  and  difference  between  1.5  m  and 
maximum  depth  greater  than  or  equal  to  4®  C; 

Unstratified:  temperature  difference  between 
1.5  m  and  maximum  depth  less  than  4®  C. 

Predicted  boundaries  for  these  stratification 
classes,  as  a  function  of  lake  maximum  depth  and 
Kd  (Kd  estimated  from  the  regression  function 
log(Kd)  =  0.140-0.081  log  (Secchi  depth,  meters), 
were  determined  by  Driscoll  et  al.  (1990)  using  the 
UFILSl  thermal  stratification  model.  Observed 
changes  in  transparency  and  thermal  classifica¬ 
tion,  before  and  after  base  additions,  were  deter¬ 
mined  for  selected  AFR^  ELS,  and  LAMP  lakes. 

A  multinomial  logistic  regression  model  (Stein¬ 
berg  1988)  of  stratification  class  as  a  function  of 
true  water  color  and  maximum  depth  was  devel¬ 
oped  from  the  ALSO  summer  lake  survey  data  to 
evaluate  the  effects  of  historical  and  liming-in- 
duced  acid-base-related  changes  in  water  color  on 
thermal  stratification  patterns.  The  multinomial 
logistic  model  was  designed  for  subjective  categori¬ 
cal  response  variables  (thermal  stratification  class 
in  this  instance)  and  provided  a  means  of  estimat¬ 
ing  the  predicted  probabilities  that  a  lake  would  fall 


into  a  given  stratification  class,  based  on  estimates 
of  maximum  depth  and  water  color.  Numerical  in¬ 
dices  assigned  to  each  stratification  class  were  1  = 
strongly  stratified,  2  =  weakly  stratified,  and  3  = 
unstratified.  The  coefficient  estimates  (Table  2) 
produced  by  the  multinomial  logistic  regression 
model  differ  considerably  from  linear  regression 
models  in  that  a  complete  set  of  coefficients  is 
estimated  for  each  choice  class  but  one.  The  left  out, 
or  reference,  option  is  indexed  by  the  greatest  per¬ 
missible  value  of  the  dependent  variable  (3  in  this 
instance).  The  null  hypK)thesis  that  all  model  coef¬ 
ficients  except  the  constant  are  equal  to  zero  was 
evaluated  by  a  log  likelihood  ratio  chi-square  test. 
Frequency  distributions  for  ALSO  lakes  by  pre¬ 
dicted  thermal  stratification  class  were  generated 
by  simply  summing  the  predicted  probabilities  for 
each  stratification  class. 

Determinations  of  Volume  and  Area  of 
Preferred  Thermal  Habitat  for  Brook  Trout 

The  volume  of  summer  habitat  relative  to  the 
total  lake  volume  is  often  used  when  determining 
the  carrying  capacity  of  brook  trout  lakes.  Relative 
levels  of  natural  recruitment,  competition,  and 
lake  fertility  are  considered  along  with  relative 
summer  habitat  volume  when  calculating  stocking 
rates  for  brook  trout  lakes  in  New  York  State 
(Keller  1979).  The  volume  of  summer  brook  trout 
habitat  in  Adirondack  waters  is  usually  deter¬ 
mined  by  temperature  constraints. 

Coutant  (1977)  compiled  temperature  prefer¬ 
ence  data  from  the  available  literature  for  a  num¬ 
ber  of  fish  species.  The  final  preferendum  for  adult 
brook  trout  in  two  natural  environments  was  de¬ 
termined  to  be  14-16®  C  (Ferguson  1958;  Spi- 
garelli  1975,  as  cited  by  Coutant  1977).  In  verticeJ 
gill-netting  studies  on  an  Adirondack  lake.  Cone 
(1987)  observed  that  brook  trout  were  concen¬ 
trated  within  the  metalimnion  at  10-15®  C.  He 
also  noted  that  brook  trout  were  essentially  ab¬ 
sent  from  waters  with  dissolved  oxygen  levels  less 
than  5  ppm.  Beddwin  (1956)  observed  maximum 
growth  ofbrook  trout  at  13®  C.  Onthe  basis  of  these 
studies,  we  considered  the  preferred  temperature 
range  for  brook  trout  to  be  about  10-16°  C,  where 
dissolved  oxygen  levels  are  above  5  ppm. 

The  10  and  16®  C  isopleths,  obtained  from  ther¬ 
mal  profile  information,  defined  the  boundaries  of 
preferred  brook  trout  thermal  habitat.  To  visualize 
seasonal  and  annual  fluctuations  in  depth  as  well 
as  depth  range  of  preferred  habitat,  preferred  habi¬ 
tat  isopleths  were  produced  for  ELS  and  LAMP 


6  Biological  Report  9 


Table  2.  Multinomial  logistic  model  of  stratification  class  (unstratified,  weakly  stratified^  strongly 
stratified)  as  a  function  of  true  color  and  maximum  depth  for  Adirondack  Lake  Survey  Corporation 
lakes.  Stratification  class  is  assigned  on  the  basis  ofKd  per  maximum  depth  boundaries  for  strongly 
stratified  arid  unstratified  lakes,  as  defined  by  Driscoll  et  at  (1990). 

Summary  of  Fit 
RsquareOJ)  .7952626 
Observations  1033 


Analysis  of  LogLikelihood 


Source 

DF 

-LogLikelihood 

ChiSquare 

Prob>ChiSq 

Model 

4 

850.2539 

1,700.507 

0.000000 

Error 

1027 

218.8947 

C  Total 

1031 

1,069.1486 

Parameter  Estimates 

Term 

Estimate 

Std  Error 

ChiSquare 

FVob>ChiSq 

Intercept 

-34.373464 

3.7259998 

85.11 

0.0000 

log(l+x)  of  Color 

4.24793750 

0.62153536 

46.71 

0.0000 

log(x)  of  Max  D 

30.1956004 

3.2130314 

88.32 

0.0000 

Intercept 

25.9814282 

2.6607106 

95.35 

0.0000 

log(l+x)  of  Color 

-4.2102291 

0.58297819 

52.16 

0.0000 

log(x)  of  Max  D 

-29.614119 

2.8856658 

105.32 

0.0000 

Effect  Test 

Source 

Nparm 

DF 

Wald  ChiSquare 

Prob>ChiSq 

log(l+x)  of  color 

2 

2 

98.59145 

0.0000 

log(x)  of  Max  D 

2 

2 

192.15439 

0.0000 

lakes.  Hypsographic  curves  (depth-area,  depth- 
percent  area,  depth-volume,  depth-percent  vol¬ 
ume)  were  developed,  as  described  by  Wetzel  and 
Likens  (1979),  from  detailed  bathymetric  data  for 
ELS  (Schofield  et  al.  1986),  LAMP  (Staubitz  and 
Zarriello  1989),  and  AFRP  (field  station  archives) 
lakes.  Seasonal  and  annual  fluctuations  in  the  size 
of  preferred  brook  trout  habitat  were  derived  from 
these  curves  for  ELS  and  LAMP  waters.  Percent 
area  and  percent  volume  of  the  preferred  habitat 
relative  to  total  lake  area  and  volume  were  used 
when  making  cross-lake  comparisons. 

Brook  Trout  Population  Evaluation 

Fall  and  spring  trapnet  inventories  were  con¬ 
ducted  to  measure  length  (millimeters),  weight 
(grams),  and  other  vital  population  statistics  for 
brook  trout  in  the  AFRIJ  ELS,  and  LAMP  lakes. 
Sampling  procedures  were  previously  described  for 
AFRP  (Flick  and  Webster  1976),  ELS  (Schofield 
et  al.  1986;  Gloss  et  al.  1989b),  LAMP  (Schofield 
et  al.  1989),  and  ALSO  (Baker  et  al.  1990)  lakes. 
Pooled  samples  were  used  to  calculate  mean  length 
and  weight  at  age  of  brook  trout  for  strongly  strati¬ 
fied,  weakly  stratified,  and  unstratified  lakes. 


Comparisons  of  Brook  Trout  Mean 
Weight  at  Age 

Comparisons  of  log  transformed  mean  weight  at 
age  for  fall  captured  brook  trout,  by  stratification 
class,  were  made  for  AFRP  and  ELS  lakes  using 
one  way  ANOVA  (Snedecor  and  Cochran  1980). 
Brook  trout  were  sampled  in  the  ALSC  lakes  from 
April  to  November,  so  a  factorial  ANOVA  with 
capture  date  (Season)  and  stratification  class  as 
dependent  variables  was  employed  for  compari¬ 
sons  of  mean  weight  at  age.  The  effects  of  presence 
or  absence  of  natural  reproduction  in  these  lakes 
was  also  evaluated  as  a  third  dependent  variable 
potentially  affecting  growth,  since  lakes  with  natu¬ 
rally  reproducing  brook  trout  populations  tend  to 
have  higher  population  density  than  lakes  main¬ 
tained  by  stocking  (Schofield  1990). 

Effects  of  Preferred  Thermal  Habitat 
Availability  and  Stocking  Density  on 
Brook  Trout  Mean  Weight  at  Age 

The  relations  between  age-specific  brook  trout 
growth,  the  minimum  volume  of  preferred  thermal 
habitat  during  the  summer,  and  stocking  density 
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in  the  AFKP  lakes  were  determined  by  regression 
analysis.  Lakes  were  excluded  from  the  analysis  if 
natural  reproduction  exceeded  20%;  Chambers 
and  Jones  lakes  were  not  included  in  this  regres¬ 
sion  analysis.  The  variables  in  the  analyses  were 
defined  as  follows: 

Dependent  variable 

Y1  =  mean  weight  for  fall„  (gm)  [log  transformed] 
Index>endent  variables 

XI  =  volume  of  preferred  thermal  habitat  for  sum- 
mern  (m^ 

X2  =  percent  volume  of  preferred  thermal  habitat 
for  summern  (m^ 

X3  =  stocking  density  for  falln-i  (poimds/ha) 

X4  =  age-specific  cumulative  stocking  density 
(pounds /ha)  as  shown  below: 

X4  for  age  1+  =  poxmds  stocked  falU-i 

X4  for  age  2+  =  poxmds  stocked  fall„-i  +  poimds 

stocked  falln-2 

X4  for  age  3+  =  pounds  stocked  falln-i  +  pounds 
stocked  fall„-2 
pounds  stocked  falU-a 

X4  for  age  4+  =  pounds  stocked  falln-i  +  poxmds 
stocked  falln-2 

poxmds  stocked  falln-3  +  poxmds  stocked  falln-4 
The  dependent  variable  (Yl)  was  the  mean 
weight  at  age  in  the  falln  trapnet  sample.  The 
observed  mean  weights  were  log  transformed  to 
accoxmt  for  skewed  distributions.  The  observed 
weights  in  a  sample  reflect  the  influence  of  thermal 
conditions  that  existed  dxiring  the  previous  sxim- 
mer„.  Independent  variable  XI  represents  the  ob¬ 
served  volume  of  preferred  thermal  habitat, 
whereas  X2  represents  the  percent  volxmie  of  pre¬ 
ferred  thermal  habitat  (i.e.,  relative  to  total  lake 
volxime).  The  observed  weight  in  the  feJln  sample 
was  also  influenced  by  the  stocking  density  in 
previous  years.  Independent  variable  X3  repre¬ 
sents  the  stocking  density  for  the  falU-i  immedi¬ 
ately  preceding  the  falU  trapnet  sample.  Inde¬ 
pendent  variable  X4  represents  the  cximulative 
stocking  density  for  specific-age  fish  in  fall  sea- 
sonsn-x  preceding  the  falln  trapnet  sample.  The 
assximption  was  made  that  fall  fingerlings  would 
exert  the  greatest  predation  effect  on  the  forage 
base  of  a  lake  for  the  first  year  after  stocking.  Thus, 
cximxilative  stocking  density  (Z4)  and  its  relation 
to  observed  mean  weight  (Yl)  for  age  1+  fish  woxild 
be  based  on  the  density  of  those  fish  stocked  the 
previous  fall  (i.e.,  feJln-i).  Fxirther,  for  age  4+  fish 
the  relation  between  cximulative  stocking  density 
(^4)  and  observed  mean  weight  (H)  would  be  the 
cumulative  effect  of  stocking  successive  year 


classes  of  fall  fingerling  brook  trout  from  the  time 
the  age  4+  group  was  first  stocked  (i.e.,  falL-i  + 
fall„-2  +  falln-3  +  falln-4). 

Regression  Analysis 

Simple,  multiple,  and  stepwise  regression 
analysis  screening  techniques  (Snedecor  and  Co¬ 
chran  1980)  were  used  to  determine  the  relation 
between  mean  weight  ( Yl)  and  the  volxime  of  pre¬ 
ferred  thermal  habitat  (XI),  the  percent  volxime  of 
preferred  habitat  (X2),  the  stocking  density  (X3), 
and  the  cximxilative  stocking  density  (X4)  in  AFRP 
lakes  for  age  1+,  2+,  3+,  and  4+  fish.  These  three 
techniques  provided  an  evaluation  of  the  correla¬ 
tion  and  degree  of  variation  in  growth  accoxmted 
for  by  each  variable.  The  regression  statistics  were 
used  only  as  screening  tools  to  detect  significant 
relation,  not  to  develop  predictive  equations. 

Model  Sensitivity  Analyses  of  Thermal 
Habitat  Availability  Effects  on  Brook 
Trout  Growth 

A  bioenergetic  growth  model  developed  by  Kerr 
(1971)  and  ceJibrated  for  brook  trout  growth  analy¬ 
sis  (Schofield  et  al.  1989)  was  employed  to  evaluate 
the  effects  of  thermal  habitat  availability  in  Adi¬ 
rondack  lakes  on  brook  trout  growth  and  weight  at 
age.  Model  parameters  and  coefficients  used  in 
these  analyses  are  as  given  by  Schofield  et  al. 
(1989).  All  model  simulations  were  conducted  us¬ 
ing  the  Stella  II  model  development  and  simula¬ 
tion  software  package  (High  Performance  Sys¬ 
tems,  Inc.  1990)  for  the  Macintosh  computer.  The 
primary  variables  affecting  growth  in  this  model 
are  temperatxire,  fish  size,  prey  size,  and  prey 
density.  Two  model  configxirations  were  used  to 
estimate  maintenance  temperatxires  as  a  function 
of  fish  weight  for  ranges  of  prey  sizes  and  densities 
representative  of  Adirondack  brook  trout  lakes, 
and  to  simulate  brook  trout  growth  and  preferred 
temperatxires  in  strongly  stratified,  weakly  strati¬ 
fied,  and  xmstratified  lakes  with  equal  prey  re- 
soxirces.  Maintenance  temperatxire  was  defined  as 
the  temperatxire  where  growth  is  zero  for  fish  of  a 
given  body  weight  feeding  on  specified  prey  of 
constant  size  and  density.  Preferred  temperatxire 
was  defined  as  the  temperatxire  where  gi  owth  rate 
was  maximum  for  fish  of  a  given  size  and  constant 
prey  resource.  In  the  model  simulations,  brook 
trout  "selected"  the  preferred  temperatxire  within 
monthly  minimxim  and  maximxim  water  colxunn 
temperatxire  boxmdaries  defined  for  lakes  of  differ- 
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ent  stratification  classes.  These  seasonal  tempera¬ 
ture  cycles  were  repeated  over  a  4-year  simulation 
period  for  each  lake.  All  model  simulations  were 
initiated  with  yearling  fish  weighing  100  g,  and 
preferred  temperature  and  growth  estimates  were 
calculated  on  a  daily  basis. 

Results 

Classification  of  Lakes  Based  on 
Thermal  Stratification 

Light  attenuation  coefficients  (Kd)  were  calcu¬ 
lated  for  all  ALSO  lakes  having  summer  Secchi 
depth  measurements  (N  =  1,034)  £tnd  then  classi¬ 
fied  as  strongly  stratified,  weakly  stratified,  or 
imstratified  based  on  the  UFILSl  model  Kd  and 
maximum  depth  boimdaries.  This  data  set  was 
then  used  to  generate  the  logistic  model  of  lake 
stratification  class  as  a  function  of  summer  water 
color  and  maximum  depth.  Slimming  the  pre¬ 
dicted  probabilities  from  the  logistic  model  by 
stratification  class  yielded  a  frequency  distribu¬ 
tion  of  lakes  identical  to  the  calibration  data  set. 
Because  all  ALSO  lakes  {N  =  1,468)  had  summer 
measurements  of  water  color,  but  not  Secchi  disk 
transparency,  the  logistic  model  was  used  to  cal¬ 
culate  stratification  class  probability  values  for 
each  lake,  a  lake  was  then  assigned  to  the  strati¬ 
fication  class  having  the  highest  predicted  prob¬ 
ability  greater  than  or  equal  to  0.5.  Comparison  of 
the  predicted  stratification  class  distributions  for 
all  ALSO  lakes  and  only  those  ALSO  lakes  con¬ 
taining  brook  trout  (N  =  577)  indicates  that  both 
groups  have  a  high  (>40%)  proportion  of  unstrati¬ 


fied  lakes,  but  there  are  proportionally  more 
stratified  waters  in  the  brook  trout  lakes  (Ta¬ 
ble  3).  Median  maximum  depths  for  ALSO  brook 
trout  lakes  classified  as  unstratified,  weakly 
stratified,  and  strongly  stratified  were;  2.1,  6.3, 
and  14.1  m  (Fig.  1);  median  minimum  summer 
water  column  temperatures  for  the  same  respec¬ 
tive  classes  were  20.0,  12.8,  and  7.0°  C  (Fig.  2). 
Most  of  the  shallow,  \instratified  lakes  do  not  have 
summer  habitat  within  the  preferred  (10“16°  C) 
temperature  range  for  brook  trout. 

Water  quality  surveys  provided  sufficient  in¬ 
formation  to  classify  the  AFRP  and  ELS  lakes  by 
using  both  the  EPA  temperature  criteria  and  the 
UFILSl  model  boundaries  based  on  Kd  and  maxi¬ 
mum  depth.  The  thermal  classifications  of  the 
AFRP  and  ELS  lakes  are  presented  in  Tables  4 
and  5.  There  was  general  agreement  in  the  ther¬ 
mal  classification  of  AFRP  lakes  using  the 
UFILSl  model  and  EPA  temperatxire  criteria. 

Table  3.  Stratification  class  distributions  for  all 
Adirondack  Lake  Survey  Corporation  (ALSO) 
lakes  and  ALSO  lakes  containing  brook  trout 
Stratification  classes  are  based  on  UFILSl 
model  Kd-maximum  depth  boundaries. 


Stratification  class 

All  ALSO 
lakes 

ALSO  brook 
trout  lakes 

N 

(%) 

N 

(%) 

Unstratified 

683 

46.6 

234 

40.5 

Weakly  stratified 

425 

29.0 

173 

30.0 

Strongly  stratified 

359 

24.4 

170 

29.5 

Total 

1,467 

577 

Fig.  1.  Notched  boxplots  of  median 
maximum  depth  in  Adirondack 
Lake  Survey  Corporation  brook 
trout  lakes  by  stratification  cleiss. 
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Fig.  2.  Notched  boxplots  of  median 
minimum  s\immer  water  tempera¬ 
ture  in  Adirondack  Lake  Survey 
Corporation  brook  trout  lakes  by 
stratification  class. 


Table  4.  Transparency,  thermal  classification,  and  water  quality  of  Adirondack  Fishery  Research 
Program  lakes  during  midsummer,  1979-90.  S.S -Strongly  stratified;  W.S -Weakly  stratified; 
Un.S-  Unstratified 


Lake 

Mean  Secchi 
(meters) 

Mean  Kd 
(meters"^) 

Thermal  category 
a  b 

Summer  surface  pH 
(1979-90) 

Canachagala 

7.0 

0.39 

W.S. 

ws. 

5.90-6.46 

Chambers 

2.0 

0.96 

s.s. 

s.s. 

6.35-6.08 

Deer 

3.6 

0.72 

Un.S. 

Un.S, 

6.43-6.40 

Fourth  Bisby 

4.3 

0.63 

S.S. 

S.S. 

5.70-6.75 

Goose 

2.1 

0.95 

s.s. 

s.s. 

4.94-5.44 

Green 

5.5 

0.50 

s.s. 

s.s. 

5.84-7.10 

Jones 

8.2 

0.30 

Un.S. 

ws. 

5.73-6.27 

Mountain 

6.1 

0.54 

W.S. 

W.S. 

5.89-7.19 

Otter 

4.0 

0.67 

S.S. 

s.s. 

4.94-5.92 

Rock 

4.8 

0.57 

Un.S. 

Un.S. 

5.70-6.00 

Wheeler 

2.8 

0.83 

Un.S.(50%) 

W.S.(50%) 

Un.S. 

5.85-6.60 

® Thermal  classification  based  on  UFILSl  model. 

^Thermal  classification  based  on  EPA  temperature  criteria. 


The  only  inconsistencies  were  for  Jones  Lake  and 
Wheeler  Pond,  which  were  borderline  between  un¬ 
stratified  and  weakly  stratified.  Therefore,  the 
UFILSl  model wasusedtoclassifytheAFRPlakes. 
The  five  strongly  stratified  lakes  were  Chambers, 
Fourth  Bisby,  Goose,  Green,  and  Otter;  the  two 
weakly  stratified  lakes  were  Canachagala  and 
Mountain;  and  the  four  unstratified  lakes  were 
Deer,  Jones,  Rock,  and  Wheeler.  There  was  general 
agreement  in  the  thermal  stratification  classifica¬ 
tion  of  ELS  lakes  using  the  UFILSl  model  and  EPA 
criteria.  As  with  the  AFRP  lakes,  inconsistencies 
occurred  only  for  lakes  that  were  borderline  be¬ 


tween  tmstratified  and  weakly  stratified— Moun¬ 
tain,  Indigo,  and  Barto.  The  four  strongly  stratified 
lakes  were  Big  Chief,  Silver  Dollar,  Fbcket,  and 
Jones;  the  two  weakly  stratified  lakes  were  Moun¬ 
tain  and  Highrock;  and  the  three  unstratified  lakes 
were  Trout,  Indigo,  and  Barto. 

Temporal  Changes  in  Color, 
Transparency,  and  Thermal 
Stratification  Patterns 

The  logistic  model  of  stratification  class  for  the 
ALSC  lakes  as  a  function  of  maximum  depth  and 
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Table  5.  Transparency,  thermal  classification,  and  water  quality  of  Extensive  Liming  Study  lakes  during 
midsummer,  1983-86.  S.S -Strongly  stratified;  W.S -Weakly  stratified;  Un.S -Unstratified 


Lake 

Year 

Mean  Secchi 
(meters) 

Mean  kd 
(meters"^) 

Thermal  category 
a  b 

Summer  surface  pH 
(1983-86) 

Big  Chief 

1983 

6.5 

0.49 

s.s. 

s.s. 

4.80 

1984 

3.4 

0.74 

s.s. 

s.s. 

6.06-6.24 

1986 

3.75 

0.68 

s.s. 

s.s. 

6.14-6.46 

1986 

2.6 

0.87 

s.s. 

S.S. 

4.67-4.90 

Mountadn 

1983 

8.0 

0.31 

Un.S. 

Un.S. 

4.67 

1984 

5.6 

0.49 

W.S. 

S.S. 

6.20-6.60 

1985 

7.6 

0.34 

Un.S. 

WS. 

6.12-6.46 

1986 

8.8 

0.27 

Un.S. 

Un.S. 

4.44-4.76 

Highrock 

1983 

5.0 

0.54 

W.S. 

— 

6.07 

1984 

4.0 

0.44 

W.S. 

S.S. 

6.76-6.76 

1985 

5.5 

0.49 

WS. 

W.S. 

6.14-6.24 

1986 

6.2 

0.65 

W.S. 

WS. 

4.92-6.16 

Trout 

1983 

3.0 

0.79 

Un.S. 

— 

4.42 

1984 

3.1 

0.77 

Un.S. 

Un.S. 

6.61-6.62 

1986 

4.4 

0.61 

Un.S. 

Un.S. 

5.12-6.66 

1986 

4.25 

0.62 

Un.S. 

Un.S. 

4.78 

Silver  Dollar 

1984 

2.5 

0.87 

S.S. 

s.s. 

4.20 

1985 

2.8 

0.82 

S.S. 

S.S. 

4.86-6.40 

1986 

1.8 

0.99 

S.S. 

s.s. 

4.12-4.46 

Pocket 

1984 

2.76 

0.83 

S.S. 

s.s. 

4.31 

1986 

2.8 

0.82 

S.S. 

s.s. 

4.64-6.44 

1986 

2.0 

0.96 

S.S. 

s.s. 

4.07-4.34 

Jones 

1984 

4.5 

0.65 

S.S. 

s.s. 

4.80 

1985 

5.0 

0.56 

S.S. 

s.s. 

6.64-6.86 

1986 

4.8 

0.56 

S.S. 

s.s. 

6.72-6.21 

Indigo 

1984 

2.5 

0.87 

WS. 

W.S. 

4.80 

1986 

3.8 

0.68 

Un.S. 

W.S. 

6.63-6.77 

1986 

4.9 

0.55 

Un.S. 

Un.S. 

6.68-6.12 

Barto 

1984 

6.25 

0.43 

Un.S. 

W.S. 

4.65 

1985 

6.6 

0.46 

Un.S. 

Un.S. 

6.85-6.87 

1986 

6.8 

0.48 

Un.S. 

Un.S. 

4.26-4.99 

^UFILSl  model. 
^EPA  criteria. 


color  indicates  that  relatively  shallow  lakes 
with  low  color  have  a  high  probability  of  being 
unstratified  or  weakly  stratified  and  would  be 
most  sensitive  to  change  in  stratification  class 
as  a  result  of  changes  in  water  color  (Fig.  3). 
Changes  in  color,  transparency,  and  thermal 
stratification  patterns  observed  in  the  LAMP 
and  ELS  lakes  as  a  result  of  liming  and  reacidi¬ 
fication  illustrate  this  indication. 

Increased  dissolved  organic  carbon,  decreased 
transparency,  and  a  shift  from  weak  to  strong  ther¬ 
mal  stratification  were  documented  for  Woods  Lake 


after  liming  in  1985  (Buckaveckas  and  Driscoll 
1990).  On  the  basis  of  estimated  pre-  and  post-lim¬ 
ing  water  color  (color  estimated  from  a  regression 
function  of  dissolved  organic  carbon  for  ALSO 
lakes)  in  Woods  Lake,  the  logistic  model  predicts 
the  sensitivity  of  this  low-color  lake  to  changes  in 
the  intensity  of  thermal  stratification  resulting 
from  relatively  small  shifts  in  water  color  (Fig.  4). 
Changes  in  transparency  and  thermal  stratifica¬ 
tion  cIeiss  observed  in  the  ELS  lakes  after  lime 
applications  also  indicate  that  only  low-color  wa¬ 
ters  exhibited  significant  shifts  in  transparency 
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Fig.  3.  Predicted  probabilities  of 
stratification  for  Adirondack  Lake 
Survey  Corporation  lakes  with  water 
color  6,  50,  and  500  as  a  function  of 
maximum  depth. 


and  thermal  stratification  patterns  as  a  result  of 
changes  in  acid-base  status  (Table  5).  The  low- 
color  lakes  included  Moimtain,  Highrock,  Trout, 
Jones,  Indigo,  and  Barto.  In  these  lakes,  Secchi 
depths  decreased  immediately  after  lime  applica¬ 
tions.  However,  as  these  low-color  lakes  reacidi¬ 
fied  over  1-3  years,  the  Secchi  depths  in  all  wa¬ 
ters  except  Barto  Lake  were  greater  than  for 
preliming  conditions.  The  high-color  lakes  in¬ 
cluded  Big  Chief,  Silver  Dollar,  and  Pocket.  In 
these  lakes,  Secchi  depths  increased  slightly  af¬ 
ter  lime  applications.  As  these  high-color  lakes 
reacidified  over  1-3  years,  the  Secchi  depths  in 
all  waters  were  less  than  in  preliming  conditions. 


The  effects  of  changes  in  color  and  transpar¬ 
ency  in  Adirondack  lakes  on  thermal  stratifica¬ 
tion  status  that  may  have  occurred  as  a  result 
of  long-term  acidification  were  examined  by  us¬ 
ing  historical  data  for  water  color  from  Hinckley 
Reservoir  (Schofield  1976).  Hinckley  Reservoir 
is  a  water  supply  impoundment  for  the  city  of 
Utica,  New  York,  and  receives  the  drainage  of 
West  Canada  Creek  in  the  southwest  quadrant 
of  the  Adirondack  region.  Although  Hinckley 
Reservoir  is  not  acidic,  about  35%  of  the  ALSC 
lakes  in  this  drainage  system  have  pH  levels 
less  than  or  equal  to  5.  Weekly  measurements  of 
Hinckley  water  color  obtained  by  the  city  of 


12  Biological  Report  9 


Utica  water  treatment  plant  revealed  a  signifi¬ 
cant  long-term  trend  of  decreasing  color  from  1944 
to  1975  (Fig.  5).  Average  August  water  color  de¬ 
creased  53%  during  this  period.  The  effects  of  this 
magnitude  of  decrease  in  color  on  thermal  strati¬ 
fication  status  of  the  ALSO  lakes  was  assessed  by 
comparing  predicted  stratification  class  frequen¬ 
cies  calculated  with  the  logistic  model  from  pre¬ 
sent  water  color  and  color  increased  by  the  same 
magnitude  of  decrease  in  color  observed  in  Hinck¬ 
ley  Reservoir.  This  anedysis  indicates  that  this 
level  of  historical  decrease  in  color  would  result  in 
a  significant  increase  in  the  proportion  of  un- 
stratifed  lakes  (8%),  a  corresponding  significant 
decrease  in  the  proportion  of  strongly  stratified 
lakes,  and  no  significant  change  in  the  proportion 
of  weakly  stratified  lakes  (Fig.  6).  Applying  the 
same  scenario  of  color  change  to  lakes  in  the 
maximum  depth  range  of  5-10  m  (predominantly 


weakly  stratified)  results  in  greater  proportional 
changes  in  stratification  class  frequencies  (22% 
decrease  in  strongly  stratified  lakes)  for  these 
more  sensitive  transitional  lakes  (Fig.  7). 

Seasonal  Variation  in  Preferred  Brook 
Trout  Habitat 

Coutant  and  Benson  (1990)  stated  that  "popu¬ 
lation  fluctuations  can  be  related  to  changes  in  the 
amount  of  habitat  that  is  within  the  suitable 
bounds  for  a  species,  even  though  the  linkage 
between  habitat  space  and  population  size  is  not 
well  quantified.”  In  this  investigation,  the  region 
between  10  and  16°  C  was  considered  preferred 
thermal  habitat  for  brook  trout.  The  size  or  vol¬ 
ume  of  preferred  thermal  habitat  in  a  lake  is 
determined  by  the  thickness  of  the  preferred  habi¬ 
tat  zone  (i.e.,  the  vertical  distance  between  the  10- 


Fig.  4.  Changes  in  predicted  probabilities 
of  stratification  as  a  function  of  change 
in  color  of  Woods  Lake  (maximum 
depth  =11  m),  before  (1984)  and  after 
liming  (1985). 


Fig.  5.  Mean  August  water  color  (weekly 
observations)  of  Hinckley  Reservoir 
from  1944  to  1975. 


Thermal  Stratification  op  Dilute  Lakes  13 


Fig.  6,  Estimated  distribution  of  Adiron¬ 
dack  Lake  Sxirvey  Corporation  lakes 
among  stratification  categories  based 
on  currently  observed  color  and  in¬ 
crease  in  color  proportional  to  trend  in 
Hinckley  Reservoir. 


Unstratmed  Weakly  Stratined  Strongly  stratlfled 


Fig.  7.  Estimated  distribution  of  Adiron¬ 
dack  Lake  Survey  Corporation  lakes 
(maximum  depth  5~10  m)  among 
stratification  categories  based  on  cur¬ 
rently  observed  color  and  increase  in 
color  proportional  to  trend  in  Hinckley 
Reservoir. 


and  16-degree  isopleths),  the  location  of  the  zone 
in  the  water  column,  and  lake-dependent 
bathymetric  features.  The  size  of  preferred  habi¬ 
tat  varies  between  lakes  and  fluctuates  consider¬ 
ably  seasonally  and  annually. 

In  Adirondack  brook  trout  lakes,  preferred 
thermal  habitat  usually  becomes  available  in  mid- 
April,  with  the  spring  warming  of  surface  waters. 
As  warming  continues  and  surface  waters  exceed 
16®  C,  the  preferred  habitat  zone  moves  deeper  in 
the  water  column.  The  depth  of  the  preferred 
habitat  zone  continues  to  increase  throughout 
summer,  while  the  thickness  of  the  zone  de¬ 
creases,  With  increasing  depth  and  decreasiag 
thickness,  the  volume  of  the  preferred  habitat 
zone  decreases  as  a  function  of  the  bathymetry  of 
the  lake.  The  extent  to  which  thermal  habitat  be¬ 
comes  limited  in  summer  differs  between  lake  types 


(e.g.,  stratified  and  unstratified)  and  is  ultimately 
defined  by  individual  lake  characteristics. 

Unstratified  Lakes 

In  unstratified  lakes,  peaks  in  habitat  avail¬ 
ability  occur  in  spring  and  fall,  when  the  greatest 
percentage  of  the  lake  volume  is  within  the  pre¬ 
ferred  temperature  range,  as  observed  in  Indigo 
Lake  (Fig.  8).  The  critical  period  for  brook  trout 
occurs  after  the  entire  lake  temperature  rises 
above  16®  C  and  until  the  temperature  drops  be¬ 
low  16®  C  in  fall.  During  this  period,  no  preferred 
habitat  is  available  in  the  lake.  The  duration  of 
the  period  without  preferred  habitat  and  the  lake 
temperature  for  this  period  differs  between  lakes. 
Although  brook  trout  can  survive  at  temperatures 
higher  than  16®  C,  growth  rates  would  presum¬ 
ably  be  dictated  by  the  length  of  time  without 
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Days  from  April  1 

Fig,  8.  Seasonal  and  annual  variation  in  depth  and 
voliime  (as  percent  of  total  lake  volume)  of  preferred 
thermal  habitat  for  brook  trout  (Salvelinus  fontirmlis) 
in  Indigo  Lake  for  two  summers  after  liming. 


preferred  habitat  and  the  thermal  environment 
during  this  period. 

Stratified  Lakes 

Stratified  lakes  experience  a  peak  in  habitat 
availability  in  spring,  although  the  percent  vol¬ 
ume  is  not  as  high  as  in  imstratified  lakes  (Fig.  9). 
The  volume  of  preferred  habitat  gradually  dimin¬ 
ishes  as  it  is  driven  deeper  into  the  water  column 
with  epilimnetic  warming  in  summer.  The  most 
crucial  time  usually  occurs  in  late  August,  when 
the  preferred  habitat  volume  is  at  a  minimum. 
The  relative  volume  of  thermal  habitat  depends 
on  its  thickness  and  location  in  the  water  column 
and  is  lake  specific.  In  some  lakes  the  volume  of 
suitable  habitat  is  reduced  further  when  the  pre¬ 
ferred  thermal  habitat  intercepts  oxygen-depleted 
hypolimnetic  waters  (Fig.  10).  The  maximum  vol¬ 
ume  of  habitat  in  stratified  lakes  is  available  in 
fall,  soon  after  the  critical  summer  period. 

Annual  Variation  of  Preferred  Brook 
Trout  Habitat 

Variation  in  the  thermal  characteristics  of  lakes 
occurs  from  year  to  year,  presumably  due  to  annual 
variation  in  weather  patterns.  Meteorological  pa- 


Fig.  9.  Seasonal  and  annual  variation  in  depth  and 
volume  (£U3  percent  of  total  lake  volxime)  of  preferred 
thermal  habitat  for  brook  trout  {Salvelinus  fontinalis) 
in  Jones  Lake  for  two  summers  after  liming. 


rameters  influence  warming,  cooling,  and  mixing 
rates  of  lakes  and  will  directly  affect  brook  trout 
habitat  availability.  In  stratified  lakes,  the  depth 
and  thickness  of  the  preferred  thermal  zone  can 
fluctuate  annually  (Fig.  9).  The  minimum  amount 
of  preferred  habitat  is  fairly  consistent  from  year 
to  year,  but  it  seems  that  spring  and  fall  peaks  in 
habitat  availability  can  fluctuate  considerably.  In 
lakes  where  hypolimnetic  oxygen  depletion  is  a  con¬ 
cern,  an  increase  in  the  depth  of  the  preferred  ther¬ 
mal  zone  can  mean  further  restrictions  in  suitable 
habitat.  In  some  instances,  although  suitable  ther¬ 
mal  habitat  may  occur  in  a  lake,  that  habitat  may  be 
uninhabitable  for  brook  trout  because  it  all  occurs  in 
anoxic  waters  (Fig.  10).  In  unstratified  lakes,  the 
duration  of  time  without  smtable  thermal  habitat 
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seems  to  be  influenced  by  weather  patterns.  Ffeaks 
in  habitat  availabihty  in  spring  and  fall  are  also 
influenced  by  annual  weather  changes  (Fig.  8). 

Thermal  Habitat  Changes  After  Liming 

Long-term  increases  in  light  attenuation,  or  de¬ 
creases  in  transparency,  as  a  result  of  base  addition 
have  coincided  with  increeises  in  dissolved  organic 
carbon  (DOC)  and  chlorophyll  concentrations  in 
Adirondack  waters.  Decreased  thermocline  depth, 
increased  hypolimnetic  volumes,  and  greater  ther¬ 
mal  stability  have  been  associated  with  decreased 
transparency  (Buckaveckas  and  Driscoll  1990). 

Changes  in  the  preferred  brook  trout  thermal 
habitat  of  the  LAMP  lakes  have  occurred  with 


liming.  Before  liming.  Woods  Lake  and  Cran¬ 
berry  Pond  had  extended  periods  during  sum¬ 
mer  with  little  or  no  preferred  thermal  habitat 
available  for  brook  trout  (Figs.  11  and  12).  In 
Woods  Lake,  less  than  1%  of  the  total  lake  vol¬ 
ume  was  within  the  preferred  thermal  range  for 
brook  trout  during  the  summer  before  liming. 
For  the  six  sunmiers  that  the  water  quality  of 
Woods  Lake  has  been  maintained  at  suitable 
levels  for  brook  trout  survival  by  liming,  the 
preferred  thermal  habitat  volume  has  averaged 
2.9%.  In  Cranberry  Pond,  where  no  preferred 
thermal  habitat  was  available  before  liming,  the 
minimum  volume  of  preferred  habitat  in  the 
first  summer  after  liming  was  8.5%.  The  dura¬ 
tion  of  the  fall  peak  in  habitat  availability  seems 


Fig.  10.  Seasonal  and  annual  variation  of 
preferred  brook  trout  (Salvelinus  fon- 
tinalis)  habitat  in  Woods  Lake  with 
minimiun  summer  volumes  as  percent 
of  the  toted  volume. 


1990 


Fig.  11 .  Variation  of  depth  and  volume  (as 
percent  of  toted  lake  volume)  of  pre¬ 
ferred  brook  trout  {Salvelinus  fonti- 
nalis)  habitat  before  and  after  base  ad¬ 
dition  in  Woods  Lake. 


1984 


1985 


Depth  (meters)  2  Depth  (meters) 
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g.  12.  Variation  of  depth  and  volume  (as  percent  of 
total  lake  volume)  of  preferred  brook  trout 
(Salvelinus  fontinalis)  habitat  for  Cranberry  Pond: 
1984~preliming,  1985— postliming,  and  1986 — 
postreacidification. 


to  shorten  after  liming  (Figs.  11  and  12).  With 
increased  h5rpolimnetic  volumes  the  heat  content 
of  the  lake  is  less,  therefore  less  time  is  required 
for  cooling  in  fall. 

Summer  hypolimnetic  oxygen  depletion,  at¬ 
tributed  to  increases  in  thermal  stability  and 
phytoplankton  productivity,  has  also  been  ob¬ 
served  after  liming  of  some  lakes.  In  Woods 
Lake,  habitat  available  for  brook  trout  was  re¬ 
duced  when  preferred  thermal  regions  and  oxy¬ 
gen-depleted  zones  overlapped.  As  a  result  of 
this  phenomenon,  preferred  habitat  volume  was 
reduced  for  five  of  six  summers  after  liming  and 
totally  eliminated  during  the  summer  of  1986 
(Fig.  10). 

Thermal  Habitat  Changes  After 
Reacidification  of  Limed  Waters 

Reacidification  of  limed  waters  is  accompanied 
by  reductions  in  DOC  and  chlorophyll,  which  are 
followed  by  a  decrease  in  light  attenuation  or 
increase  in  transparency  (Buckaveckas  and  Dris¬ 
coll  1990).  Increases  in  transparency  were  most 
apparent  in  Highrock  and  Mountain  ponds  as  they 
were  allowed  to  reacidify  after  liming  in  fall  1983 
(Figs.  13  and  14).  Highrock  Pond  had  16.9%  of  the 
total  lake  volume  available  as  preferred  thermal 
habitat  for  the  first  summer  after  liming.  In  the 
second  and  third  summers  after  liming,  Highrock 
Pond  was  reacidified,  and  the  preferred  thermal 
habitat  was  4.5%  and  3.7%  (Fig.  15).  Cranberry 
Pond  went  from  8.5%  of  the  total  lake  volume 
available  as  preferred  habitat  for  the  first  summer 
after  liming  to  having  no  available  thermal  habi¬ 
tat  after  reacidification  (Fig,  12). 


1984  1985  1986 


Days  from  April  1 

Fig.  13.  Secchi  depths  and  surface  pH  readings  for  Highrock  Pond. 
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1984  1985  1986 


Days  from  April  1 


Fig.  14.  Secchi  depths  and  surface  pH  readings  for  Mountain  Pond. 


Comparisons  of  Brook  Trout  Growth  by 
Stratification  Class 


Fig.  15.  Seasonal  and  annual  variation  in  depth  and 
volume  (as  percent  of  total  lake  volume)  of  preferred 
thermal  habitat  for  brook  trout  (Salvelinus  fontinalis) 
in  Highrock  Pond  for  three  summers  after  liming. 


Comparisons  of  mean  weight  at  age  (ages  1“3) 
for  ALSC  brook  trout  ix)pulations  in  unstratified, 
weakly  stratified,  and  strongly  stratified  lakes  did 
not  reveal  any  consistent  significant  differences 
(P  <  0.05)  between  populations  sampled  in  weakly 
stratified  lakes  and  either  strongly  stratified  or 
unstratified  lakes.  As  a  result  of  this  preliminary 
comparison  all  subsequent  comparisons  were  re¬ 
stricted  to  imstratified  and  strongly  stratified 
lakes.  Previous  analyses  of  brook  trout  growth  in 
ALSC  lakes  (Schofield  1990)  indicated  that  the 
average  size  of  brook  trout  sampled  m  lakes  with 
natural  reproduction  was  significantly  less  than  in 
lakes  maintained  by  stocking,  presumably  as  a 
result  of  higher  population  densities  and  intraspe¬ 
cific  competition  for  food  in  the  lakes  supporting 
natural  reproduction.  For  this  reason,  presence  or 
absence  of  natural  reproduction  was  included,  in 
addition  to  season  sampled,  as  an  additional  factor 
in  ANOVA  comparisons  of  mean  weight  at  age  for 
the  ALSC  lakes.  These  comparisons  of  mean  weight 
at  age  (Table  6)  revealed  a  significant  effect  of  sea¬ 
son  only  at  age  1,  significantly  greater  mean 
weights  at  all  ages  for  populations  without  natural 
reproduction,  and  significantly  greater  mean 
weights  in  strongly  stratified  lakes  at  ages  2  and  3, 
Examination  of  the  trends  in  F  values  for  these 
comparisons  by  age  indicates  decreasing  signifi¬ 
cance  of  season  and  natural  reproduction  effects 
with  increasing  age  and  increasing  significance  of 
stratification  effect  with  increasing  age  (Table  6). 

The  mean  weight  at  age  of  brook  trout  in  the 
AFRP  lakes  was  determined  for  the  three  thermal 
categories.  The  mean  weights  for  ages  1+  through 
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4+  in  AFRP  lakes  from  1979-90  is  summarized  in 
Table  7.  Comparisons  (ANOVA,  P  <  0.05)  of  mean 
weights  between  strongly  stratified  and  imstrati- 
fied  AFRP  lakes  showed  no  significant  differences 
at  age  1+  to  4+  for  the  two  lake  types.  Small 
sample  size,  in  conjxmction  with  widely  varying 
forage  sizes  and  densities,  probably  contributed 
significantly  to  the  wide  range  of  growth  observed 
between  these  lakes,  particularly  for  ages  3+  and 


4+  fish.  Brook  trout  growth  is  provided  for  all 
AFRP  lakes  classified  as  strongly  stratified  (Ap¬ 
pendix  Table  1),  weeikly  stratified  (Appendix  Ta¬ 
ble  2),  and  imstratified  (Appendix  Table  3).  The 
best  observed  growth  occurred  in  lakes  with  a  fish 
or  cra5rfish  forage  base  present.  This  includes  the 
three  lake  types  as  follows:  strongly  stratified 
(Fourth  Bisby  Lake— mudminnows,  Green  Lake— 
pumpkinseed  sunfish),  weakly  stratified  (Ca- 


Table  6.  Comparison  of  the  effects  of  season  captured,  presence  or  absence  of  natural  reproduction,  and 
stratification  on  mean  weights  (log  transformed  in  ANOVA)  at  age  for  brook  trout  sampled  in 
Adirondack  Lake  Survey  Corporation  lakes. 


Season 

Natural 

reproduction 

Stratification 

Spring 

Fall 

Present 

Absent 

Stratified 

Unstratified 

Mean 

F 

P>F 
=  302 

66.2 

94.8 

30.42 

0.0000 

69.8 

89.7 

15.23 

0.0001 

83.2 

76.6 

2.12 

0.1468 

Mean 

F 

P>F 
=  302 

186.6 

209.9 

3.67 

0.0562 

179.5 

218.3 

10.53 

0.0013 

210.4 

186.2 

3.82 

0.0616 

Mean 

F 

P>F 
=  172 

378.4 

434.5 

3.54 

0.0615 

372.4 

441.6 

5.27 

0.0230 

458.1 

368.9 

10.61 

0.0014 

Table  7.  Observed  brook  trout  growth  in  Adirondack  Fishery  Research  Program  lakes  by  thermal 
stratification  categories  from  fall  trapnet  samples  during  1 9 79-90. 


Age 

Sample  size 

Mean  length 

Mean  weight 

Stratification  class 

(years) 

(n) 

(millimeters) 

(grams) 

Stongly  stratified 

1 

1,947 

262.8 

184.1 

2 

684 

324.8 

366.3 

3 

83 

364.9 

633.6 

4 

13 

402.8 

742.6 

Weakly  stratified 

1 

1,258 

278.3 

223.4 

2 

635 

346.1 

430.6 

3 

82 

380.6 

628.3 

4 

36 

396.4 

769.6 

Unstratified 

1 

1,134 

243.1 

136.7 

2 

272 

311.2 

328.0 

3 

116 

353.4 

603.1 

4 

14 

366.8 

606.4 
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nachagala  Lake— crayfish),  and  unstratified 
(Rock  Lake— crayfish)  lakes.  Poorer  growth  oc¬ 
curred  in  the  three  lake  types  with  only  a  macroin¬ 
vertebrate  forage  base  present  as  follows:  strongly 
stratified  (Chambers  Lake,  Goose  Ledte,  Otter 
Lake),  weakly  stratified  (Mountain  Pond),  and 
imstratified  (Deer  Lake,  Jones  Lake,  Wheeler 
Pond).  The  observed  growth  was  generally  poorest 
in  unstratified  lakes  when  stocked  at  high  densi¬ 
ties.  Sustained  good  growth  past  age  2+  was  ob¬ 
served  in  AFRP  lakes  with  a  diverse  forage  base 
(including  larger  prey  items  such  as  crayfish  and 
minnows),  whereas  growth  was  generally  poorer 
in  lakes  lacking  larger  prey  items  (Fig.  16).  These 
observations  indicate  that  lack  of  preferred  sum¬ 
mer  thermal  habitat  can  be  compensated  for  by 
the  presence  of  larger  prey  items,  within  the  range 
of  stocking  densities  examined. 

The  mean  weight  at  age  of  brook  trout  in  the 
ELS  lakes  was  determined  for  the  three  thermal 
categories.  The  growth  of  the  first  and  second  year 


classes  stocked  after  liming  were  determined  for 
ages  1+  and  2+  fish.  Size  at  stocking  was  compa¬ 
rable  in  1983  (mean  weight,  57.8  g)  and  1984 
(mean  weight,  57.1  g),  but  smaller  fish  were 
stocked  in  1985  (mean  weight,  29.8  g).  The  ob¬ 
served  differences  in  growth  between  the  first  and 
second  year  classes  stocked  after  liming  included 
a  pooled  comparison  between  1983  and  1984  year 
classes  (Group  I  ELS  lakes)  and  1984  and  1985 
year  classes  (Group  II  ELS  lakes).  Observed  dif¬ 
ferences  in  growth  between  the  first  two  year 
classes  stocked  after  liming  (pooled  mean  differ¬ 
ence  =  108.4  g)  were  significantly  greater  than  the 
differences  in  size  at  stocking  (largest  difference 
=  28.0  g).  The  observed  brook  trout  growth  in  ELS 
lakes  from  1983  to  1986  is  summarized  in  Table  8. 
The  ELS  lakes  had  been  fishless  for  several  years 
or  had  never  had  fish  populations.  The  lakes  were 
characterized  by  an  abundant  forage  base  of 
macroinvertebrates  before  lime  applications. 
Comparisons  (ANOVA,  P  <  0.05)  of  mean  weight 


■  strongly  Stratified  [23  Weakly  Stratified  □  Unstratified  • - •  Pooled  Means 


Fig.  16.  Comparison  of  brook  trout 
(Salvelinus  fontinalis)  growth  in  Adi¬ 
rondack  Fishery  Research  Program 
lakes  by  stratification  category  and 
forage  base  type. 


Age 


Table  8.  Observed  broon  trout  growth  in  Extensive  Liming  Study  by  thermal  stratification  categories,  for 
the  first  and  second  year  classes  stocked  after  lime  application;  from  fall  trapnet  samples  during 
1984-86. 


Thermal  category 

Age 

(years) 

Sample  size 
(n) 

Mean  length 
(millimeters) 

Mean  weight 
(graims) 

First  year  class 

Strongly  stratified 

1 

257 

282.7 

229.3 

2 

44 

306.3 

285.9 

Weakly  stratified 

1 

329 

287.3 

274.3 

2 

51 

309.2 

276.8 

Unstratified 

1 

413 

305.2 

304.3 

2 

29 

325.4 

332.0 

Second  year  class 

Strongly  stratified 

1 

76 

253.6 

160.3 

Weakly  stratified 

1 

26 

253.7 

159.2 

Unstratified 

1 

97 

250.3 

163.2 
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between  strongly  stratified  and  unstratified  ELS 
lakes  showed  (1)  significantly  greater  growth,  for 
the  first  year  class  stocked  after  liming,  in  im- 
stratified  versus  stratified  lakes  at  ages  1+  and 
2+;  and  (2)  no  significant  difference  in  growth,  for 
the  second  year  class  stocked  after  liming,  in  un¬ 
stratified  versus  stratified  lakes  at  age  1+.  These 
results  indicate  that  the  lack  of  preferred  thermal 
habitat  did  not  limit  the  growth  of  age  1+  fish  in 
unstratified  ELS  lakes.  On  the  basis  of  these 
analyses,  temperature  did  not  seem  to  be  the 
primary  regulator  of  growth  in  the  AFRP  and  ELS 
lakes  for  age  1+  fish. 

Evaluation  of  Brook  Trout  Growth  in 
Relation  to  Preferred  Thermal  Habitat, 
Stocking  Density,  and  Prey  Density 

Table  9  provides  the  best  fit  regression  models 
for  the  relation  between  mean  weight  at  age  and 
preferred  thermal  habitat  and  stocking  density. 
Simple  regression,  multiple  regression,  and  step¬ 
wise  regression  statistics  (P  <  0.05)  consistently 
identified  cumulative  stocking  density  (^4)  as  the 
significant  variable  related  to  the  log  transformed 
mean  weight  (Yl).  Appendix  Tables  4  through  7 


provide  results  from  the  described  regression 
screening  evaluations  for  ages  1+  to  4+  fish.  Sim¬ 
ple  regression  models,  for  all  ages,  that  included 
the  cumulative  stocking  (X4)  variable,  accounted 
for  the  most  variation  (i.e.,  greatest  R^)  in  ob¬ 
served  mean  weight  (Yl)  in  fall  samples.  The 
values  increased  as  the  age  of  the  fish  increased. 
Although  significant  relations  (P  <  0.05)  were 
detected  between  mean  weight  ( Yl)  and  volume  of 
preferred  thermal  habitat  (XI),  the  variation  ac- 
coxmted  for  by  the  model  was  low  (R^  values  <0.2). 

Bioenergetic  Analysis  of  Thermal 
Stratification  Effects  on  Brook  Trout 
Growth 

Maintenance  temperatures  for  brook  trout 
weighing  400-1,000  g  and  feeding  on  prey  with 
energy  contents  of  0.7-3.0  cal  per  organism  at  a 
constant  biomass  of  1  cal/m^  were  determined  by 
using  the  Kerr  (1971)  growth  model  (Fig.  17).  The 
range  of  prey  sizes  employed  in  this  simulation  are 
representative  of  invertebrate  prey  eaten  by  brook 
trout  in  Adirondack  lakes,  and  the  prey  biomass 
level  is  typical  for  xmproductive  Adirondack  waters 
(Evans  1989;  Gloss  et  al.  1989b).  A  typical  prey 


Table  9.  Best  regression  models  for  relations  between  mean  weight,  preferred  thermal  habitat,  and  stocking 
density  in  Adirondack  Fishery  Research  Program  lakes  for  ages  1+  through  4+  brook  trout 


Type 

Model 

Adjusted 

Age  1+ 

Simple  regression: 

In  (Yl)  =  5.486  -  (0.003)^4 

0.293 

Multiple  regression: 

None 

Stepwise  regression: 

Excluded  XI  and  J?2  in  all  cases. 

Age  2+ 

Simple  regression: 

ln(yi)  =  6.332  -  (0.003)X4 

0.563 

Multiple  regression: 

None 

Stepwise  regression: 

Excluded  XI  and  X2  in  all  cases. 

Age  3+ 

Simple  regression: 

ln(Yl)  =  6.724  -  (0.002)J:4 

0.695 

Multiple  regression: 

ln(n)  =  6.634  +  XI-  (0.008)Jf3 

0.610 

Stepwise  regression: 

Included  XI  with  X3. 

Age  4+ 

Simple  regression: 

ln(Yl)  =  6.974  -  (0.002)X4 

0.740 

Multiple  regression: 

None 

Stepwise  regression: 

XI  and  X2  excluded  in  all  cases. 

Dependent  variable 

Yl  =  mean  weight  (grams) 

Independent  variables 
XI  =  volume  preferred  habitat  (m^ 

X2  ~  percent  volume  preferred  habitat  (%) 

XS  =  stocking  density  (pounds /ha) 

X4  =  cummulative  stocking  density  (pounds /ha) 
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item  with  an  energy  content  of  0.7  cal  would  be  a 
chironomid  larva,  whereas  a  large  odonate  nymph 
could  contain  2-3  cal.  The  curves  for  maintenance 
temperature  as  a  function  of  fish  weight  (Fig.  17) 
indicate  that  brook  trout  inhabiting  unstratified 
lakes  with  high  summer  water  column  tempera¬ 
tures  would  require  a  diet  of  relatively  large  prey 
to  attain  weights  in  excess  of  500-600  g.  In  strati¬ 
fied  lakes,  where  brook  trout  would  have  access  to 
lower  water  temperatures,  fish  of  larger  size  could 
be  produced  with  less  energy  expenditure  by  feed¬ 
ing  on  smaller  prey  with  lower  energy  content. 
Simulation  of  the  effects  of  increasing  either  prey 
size  or  prey  density,  to  achieve  an  equivalent  in¬ 


crease  in  prey  biomass,  indicates  that  larger  fish 
(>500-600  g)  would  be  able  to  mEontain  their  body 
weight  more  efficiently  by  feeding  on  larger  prey, 
rather  than  more  numerically  dense  prey  at  the 
same  biomass  (Fig.  18).  It  should  also  be  noted  that 
smaller  brook  trout  (e.g.,  100-400  g)  have  a  rela¬ 
tively  high  maintenance  temperature  for  the 
ranges  of  prey  size  and  density  simulated  in  Fig.  18. 

The  hypothesized  requirement  of  large  prey  to 
produce  large  brook  trout  in  warm,  unstratified 
waters  was  further  assessed  by  examining  the 
characteristics  of  ALSO  lakes  where  relatively 
large  brook  trout  (>1,000  g  maximum  weight) 
were  captured  (N  =  35).  Large  potential  prey. 


Fig.  17.  Estimated  maintenance  tempera¬ 
tures  for  brook  trout  (Salvelinus  fonti- 
nalis)  feeding  on  prey  of  0.7-  3.0  cal  at  a 
constant  prey  biomass  of  1  cal/m^ 
Shaded  zones  represent  median  mini¬ 
mum  summer  temperature  limits  for 
stratification  categories. 


Fig.  18.  Simulated  effects  of  doubling 
either  prey  size  or  prey  density  on 
brook  trout  {Salvelinus  fontinalis) 
maintenance  temperatures  as  a  func¬ 
tion  of  fish  size. 


Weight  (grams) 
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Fig.  19.  Simulated  growth  in  weight  of 
brook  trout  (Salvelinus  fontinalis)  in 
strongly  stratified  and  unstratified 
lakes  on  diets  of  minnows  (prey  size 
2  kcal,  density  0.2  cal/m^)  or  inver¬ 
tebrates  (prey  size  2  cal,  density 
2  cal/m®). 


represented  by  small  cyprinid  fish  species,  were 
present  in  all  of  the  unstratified  lakes  with  large 
brook  trout  {N  =  12).  However,  in  the  23  strati¬ 
fied  lakes  with  large  brook  trout  6  lakes  (26%) 
did  not  contain  large  prey  (either  cyprinids  or 
naturally  reproduced  young-of-year  brook  trout) 
and  the  fish  must  have  attained  large  size  en¬ 
tirely  on  an  invertebrate  diet.  Model  simula¬ 
tions  of  brook  trout  growth  in  strongly  stratified 
and  unstratified  lakes,  with  representative  di¬ 
ets  of  either  large  (c5rprinids)  or  small  (inverte¬ 
brate)  prey,  indicate  that  trout  feeding  on  large 
prey  could  easily  attain  weights  in  excess  of 
1,000  g  in  either  lake  type.  However,  trout  re¬ 
stricted  to  an  invertebrate  diet  would  be  able  to 
attain  weights  in  excess  of  1,000  g  only  in 
strongly  stratified  lake  types,  where  access  to 
lower  water  temperatures  is  available  (Fig.  19). 

Simulations  of  brook  trout  growth  were  conducted 
over  a  4-year  period  for  yearling  cohorts  with  an 
initial  weight  of  100  g  in  unstratified,  weakly  strati¬ 
fied,  and  strongly  stratified  lakes,  with  equal  prey  size 
and  density,  for  comparison  of  relative  differences  in 
mean  weights  at  age  and  evaluation  of  preferred 
temperatures.  Representative  montiily  minimum 
and  maximum  temperatures  available  to  the  fish  in 
each  lake  type  are  shown  in  Fig.  20.  Iterative  com¬ 
parisons  of  daily  growth  rates  at  temperature  inter¬ 
vals  of  1  Celsius  degree  across  the  available  tempera¬ 
ture  range  were  performed  during  the  simiilations  to 
select  the  temperature  that  maximized  growth.  Pre¬ 
ferred  temperatures  approximated  the  minimum 
summer  temperatures  available  in  the  unstratified 


lake  simulation  and  fish  lost  weight  at  age  2  and 
greater  during  periods  when  summer  tempera¬ 
tures  were  high  (Fig.  21).  In  the  weakly  stratified 
and  strongly  stratified  lake  types,  fish  selected 
progressively  lower  summer  temperatiares  with  in¬ 
creasing  age  and  size  to  maintain  maximum  growth 
rates  (Figs.  22  and  23).  Comparison  of  growth  for 
the  three  lake  types  reveals  an  increasing  differen¬ 
tial  in  weight  at  age  between  the  vinstratified  and 
stratified  lake  types  with  increasing  age  beyond  age 
2  (Fig.  24).  Increasing  prey  size  in  the  unstratifi^ 
lake  by  a  factor  of  2  to  3  is  sufficient  to  partially 
compensate  for  the  lack  of  preferred  summer  ther¬ 
mal  habitat  (Fig.  25).  Although  average  weight  at 
age  is  increased  in  the  unstratified  lake  by  increas¬ 
ing  prey  size,  high  summer  temperatures  still  re¬ 
sult  in  temporal  negative  growth  phases. 

Discussion 

Ferguson  (1958)  stated  that  temperature  acting 
alone  can  influence  fish  response  in  the  laboratory, 
but  many  other  factors  can  interfere  with  the  ex¬ 
pression  of  response  to  temperature  in  natural 
environments.  In  the  relatively  unproductive  lakes 
of  the  Adirondack  region  intraspecific  competition 
for  limited  prey  resources  can  lead  to  density-de- 
pendent  growth,  particxilarly  in  naturally  repro¬ 
ducing  brook  trout  populations  with  high  rates  of 
recruitment.  In  this  study,  Adirondack  lakes  were 
classified  as  strongly  stratified,  weakly  stratified, 
or  unstratified  (Linthurst  et  al.  1986;  Driscoll 
et  al.  1990),  based  on  midsummer  thermal  struc- 
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Month 

g,  20.  Monthly  minimum  and  maximxmi  temperatures 
used  in  model  simulations  of  brook  trout  (Salvelinus 
fontinalis)  growth  in  unstratified,  weakly  stratified, 
and  strongly  stratified  lakes. 


ture.  Comparisons  of  mean  weight  at  age  between 
strongly  stratified  and  unstratified  AFKP  lakes 
showed  no  significant  differences  between  the  two 
lake  types.  Small  sample  size,  in  conjunction  with 
widely  varying  forage  sizes  and  densities,  probably 
contributed  significantly  to  the  wide  range  of 
growth  observed  between  these  lakes.  Compari¬ 
sons  between  strongly  stratified  and  unstratified 
ELS  lakes  showed  significantly  greater  growth,  by 
the  first  year  class  stocked  after  liming,  in  un¬ 
stratified  versus  stratified  lakes  at  ages  1+  and  2+ 
and  no  significant  difference  in  growth,  by  the 
second  year  class  stocked  after  liming,  in  unstrati¬ 
fied  versus  stratified  lakes  at  age  1+.  These  resiilts 
indicate  that  the  lack  of  preferred  thermal  habitat 
did  not  limit  the  growth  of  age  1+  fish  in  unstrati¬ 
fied  ELS  lakes.  On  the  basis  of  these  analyses, 
density-dependent  factors  rather  than  tempera¬ 
ture  seemed  to  be  the  primary  regulator  of  growth 
in  the  AFRP  and  ELS  lakes  for  young  fish.  Simple 
regression  analysis  between  log  transformed  mean 
weight  at  age  and  the  minimum  observed  volume 
of  preferred  thermal  habitat  in  AFRP  lakes 
showed  no  significant  relation  for  age  1+  fish,  and 
significant  positive  relations  for  ages  2+,  3+,  and 
4+  fish.  Although  there  were  significant  positive 
relations,  the  adjusted  i?^  values  for  age  2+  (0.101), 
age  3+  (0.186),  and  age  4+  (0.173)  fish  demonstrate 
that  only  a  small  amoixnt  of  the  observed  variation 
in  growth  was  accoimted  for  by  the  minimum  vol¬ 
ume  of  preferred  thermal  habitat.  The  analysis 
indicates  that  proportionally  more  variation  in 
growth  is  accounted  for  by  thermal  habitat  condi¬ 
tions  in  the  older,  larger  fish.  Similar  results  were 
obtained  in  analyses  of  the  ALSC  lakes,  and  this 
larger  data  base  also  revealed  highly  significant 
thermal  stratification  effects  on  growth  of  older 
(ages  2  and  3)  brook  trout. 


a 


Fig.  21.  Simulated  preferred  temperature 
and  growth  in  weight  of  yearling  brook 
trout  (Salvelinus  fontinalis)  in  an  im- 
stratified  lake.  Shaded  area  represents 
seasonal  maximum-minimum  tem¬ 
peratures  available  to  the  fish.  Prey  size 
(1  cal)  and  prey  density  (1  cal/m^) 
constant. 
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Fig.  22.  Simulated  preferred  temperature 
and  growth  in  weight  of  yearling  brook 
trout  (Salvelinus  fontmalis)  in  a  weakly 
stratified  lake.  Shaded  area  represents 
seasonal  maximum-minimum  tempera¬ 
tures  available  to  ihe  fish.  Rey  size  (1  cal) 
and  prey  density  (1  cal/m^)  constant. 


Fig.  23.  Simulated  preferred  tempera¬ 
ture  and  growth  in  weight  of  yearling 
brook  trout  (Salvelinus  fontinalis)  in  a 
strongly  stratified  lake.  Shaded  area 
represents  seasonal  maximum-mini¬ 
mum  temperatures  available  to  the 
fish.  Prey  size  (1  cal)  and  prey  density 
(1  cal /mi  )  constant. 


- strongly  stratified  Weakly  stratified  . Unstratified 


Fig.  24.  Simulated  preferred  temi)era- 
tures  and  growth  in  weight  of  yearling 
brook  trout  (Salvelinus  fontinalis)  in 
strongly  stratified,  weakly  stratified, 
and  unstratified  lakes.  Prey  size  (1  cal) 
and  prey  density  (1  cal/m®)  constant. 


The  presence  or  volume  of  preferred  thermal 
habitat  during  midsummer  seemed  to  have  the 
least  effect  on  the  growth  of  age  1+  fish.  Yearling 
brook  trout,  with  unrestricted  rations,  have  been 


shown  to  have  an  optimal  range  for  growth  in 
temperatures  of  10  to  19°  C  (Hokanson  et  al.  1973). 
The  significantly  greater  growth  of  brook  trout  in 
unstratified  versus  stratified  ELS  lakes  and  the 
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Fig.  25,  Simulated  growth  in  weight  of 
yearling  brook  trout  (Salvelmus  fonti- 
nalis)  in  a  strongly  stratified  lake  (prey 
size  1  cal)  and  unstratified  lake  (prey 
size  l-S  cal).  Prey  density  (1  cal/mj 
constant. 


lack  of  significant  differences  in  mean  weight  at 
age  1+  between  stratification  categories  in  the 
ALSO  lakes  strongly  indicates  that  high  tempera¬ 
tures  (>19®  C)  had  no  negative  effect  on  growth  of 
young  fish  in  unstratified  lakes.  F^l  yearling 
brook  trout  generally  range  from  150  to  300  g,  and, 
as  judged  from  model  simulations  of  maintenance 
temperature,  temperatures  to  20°  C  would  not  re¬ 
sult  in  negative  growth  efficiency. 

The  presence  or  volume  of  preferred  thermal 
habitat  in  midsummer  accounted  for  some  of  the 
observed  variation  in  growth  for  age  2+  and  older 
fish.  Larger  fish  have  increasingly  higher  metabolic 
demands,  which  are  exacerbated  by  high  (>16°  C) 
water  temperatures.  Laboratory  studies  provide 
sufficient  evidence  that  brook  trout  prefer  a  ther¬ 
mal  range  of  10-16°  C  (MacCrimmon  and  Camp¬ 
bell  1969;  Coutant  1977),  with  a  final  preferen- 
dum  of  15.5-16.8°  C  (Cherry  et  al.  1977).  Further, 
brook  trout  suffering  starvation  have  been  shown 
to  select  temperatures  of  14.5  to  16.0°  C  (Javaid 
and  Anderson  1967),  representing  an  attempt  to 
conserve  energy.  Other  strategies  to  conserve  en¬ 
ergy  under  starvation  conditions  include  de¬ 
creased  oxygen  consumption  (Beamish  1964),  re¬ 
duced  spontaneous  activity  (Beamish  1964),  and 
reduced  standard  metabolic  rate  (Javaid  and  An¬ 
derson  1967).  These  energy  conservation  strate¬ 
gies,  under  starvation  conditions,  would  be  most 
pronounced  for  larger  fish  (>6(X)  g)  at  tempera¬ 
tures  exceeding  19°  C. 

Model  simulations  of  brook  trout  growth  in 
unstratified  and  stratified  lakes  were  qualita¬ 
tively  consistent  with  observed  differences  in 
mean  weights  at  age  observed  in  the  ALSC  un¬ 
stratified  and  stratified  lakes.  An  increasing  dif¬ 
ferential  in  mean  weights  at  age,  beyond  age  2, 
between  the  imstratified  and  stratified  lakes  was 
evident  in  the  model  simulations  and  the  observed 


ALSC  data.  This  analysis  also  indicates  that,  for 
given  levels  of  prey  biomass  in  unproductive  wa¬ 
ters,  sustained  growth  beyond  an  approximate 
threshold  of  500  to  600  g  body  weight  requires  the 
availability  of  increasingly  cooler  water  that 
would  only  be  available  in  stratified  lakes  during 
summer  periods.  In  the  model  simulations,  age  2 
and  older  brook  trout  "moved"  to  increasingly 
cooler  waters  in  the  stratified  lake  scenario  to 
maximize  growth  rate.  Limited  field  studies  indi¬ 
cate  that  brook  trout  will  select  midsiunmer  tem¬ 
peratures  approaching  their  final  preferendum  of 
15.5-16.8°  C,  if  that  thermal  habitat  is  available. 
Cone  (1987)  found  that  brook  trout  were  located 
in  temperatures  of  10  to  15°  C,  near  the  bottom, 
in  an  Adirondack  pond.  Lackey  (1970)  described 
brook  trout  distribution  with  a  distinct  increase  in 
depth  of  captme  to  25  feet  during  midsummer  in 
Echo  Lake,  Maine,  but  could  not  establish  a  clear 
relation  between  distribution  and  either  tempera¬ 
ture  or  dissolved  oxygen.  Haraldstad  and  Jonsson 
(1983)  provided  a  detailed  accoxmt  of  brown  trout 
distribution  dxiring  midsummer  in  a  Norwegian 
lake.  Most  age  1+  and  2+  fish  were  restricted  to 
the  littoral  zone,  while  larger,  older  fish  occupied 
the  pelagic  and  deeper  benthic  habitats  with  cold 
water.  These  extremely  limited  field  observations 
of  trout  distribution  in  ponded  waters  suggest  a 
general  trend  of  larger  trout  seeking  out  deeper, 
colder  (<16°  C)  water.  This  is  reasonably  attrib¬ 
uted,  in  part,  to  temperature,  considering  the 
higher  metabolic  costs  to  larger  (>600  g)  fish  in 
warm  (higher  than  16°  C)  waters.  Movement  to 
deeper,  colder  water  would  reduce  metabolic  costs 
while  allowing  fish  to  periodically  move  into  shal¬ 
low  waters  to  forage.  This  may  explain  the  pres¬ 
ence  of  large  fish  in  both  shallow  and  deep  areas 
of  Echo  Lake  (Lackey  1970)  during  summer. 
Smaller  fish  do  not  necessarily  need  to  move  into 
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colder  water,  if  food  is  available  in  littoreJ  areas, 
to  maintain  positive  growth.  The  fish  most  vulner¬ 
able  to  warming  waters  in  excess  of  16°  C  would 
be  those  larger  than  600  g,  which  represents  age 
2+  and  older  brook  trout  in  Adirondack  waters. 

The  rapid  growth  of  age  1+  brook  trout  in  ELS 
lakes,  immediately  after  base  additions,  provides 
evidence  of  a  significant  effect  on  the  forage  base 
by  fall  fingerling  brook  trout  (Schofield  et  al.  1986; 
Gloss  et  al.  1989a).  During  their  first  year  of 
growth,  fall  fingerlings  compose  the  largest  pro¬ 
portion  of  stocked  brook  trout  populations.  Be¬ 
cause  age  1+  fish  can  occupy  a  wider  thermal 
range  (10-19°  C)  and  sustain  optimal  growth  with 
adequate  forage  (Hokanson  et  al.  1973),  they  can 
successfully  forage  in  the  littoral  zone  throughout 
the  midsummer  period.  Larger  brook  trout  re¬ 
quire  more  food  to  maintain  positive  growth,  de¬ 
pendent  on  the  available  temperatures  they  can 
occupy. 

Regression  analysis  identified  a  significant  re¬ 
lation  between  mean  weight  and  cumulative 
stocking  density  of  fall  fingerlings.  In  AFRP  lakes, 
the  amount  of  variation  in  observed  growth  ac¬ 
counted  for  by  cumulative  stocking  density  in¬ 
creased  as  age  increased  for  age  1+  =  0.293), 

age  2+  =  0.563),  age  3+  R^  =  0.695),  and  age  4+ 

=  0.740)  fish.  \^en  stocking  density  increases, 
the  forage  base  may  decrease  resulting  in  less 
available  prey.  This  creates  a  density-dependent 
effect  that  seems  to  have  a  primary  role  in  regu¬ 
lating  growth  in  the  AFRP  lakes.  Density-depend¬ 
ent  growth  has  been  identified  for  the  ELS  lakes 
(Gloss  et  al.  1989a).  As  expected,  the  effects  of  a 
reduced  forage  base  will  have  the  greatest  effect 
on  larger  fish  with  higher  metabolic  demands, 
particularly  if  preferred  temperatures  are  not 
available. 

Density- dependent  growth  is  a  well-estab¬ 
lished  paradigm  that  is  reflected  in  the  recom¬ 
mended  stocking  rates  for  Adirondack  brook  trout 
lakes.  New  York  State  Department  of  Environ¬ 
mental  Conservation  stocking  rates  are  based  on 
the  morphoedaphic  index  and  range  from  20  to  70 
fish/ha  (Engstrom-Heg  1979).  The  recommended 
stocking  rate  for  newly  limed  Adirondack  lakes  is 
40  fish  /ha  (Gloss  et  al.  1989a),  The  stocking  rates 
in  the  AFRP  (20-75  fish/ha)  and  the  ELS  (about 
40  fish /ha)  lakes  generally  fell  within  those  pre¬ 
scribed  stocking  rates.  It  is  difficult  to  fully  assess 
the  effect  of  stocking  density  on  growth  since  most 
stocking  rates  were  less  than  50  fish/ha  and 
considerably  lower  for  most  stratified  lakes.  An¬ 


other  limitation  is  a  general  lack  of  age  3+  and 
older  brook  trout  in  most  Adirondack  lakes.  Fac¬ 
tors  Eiffecting  growth  of  these  larger  fish,  such  as 
temperature  and  predator-prey  densities,  are  dif¬ 
ficult  to  assess  with  the  existing  data. 

Neither  density-independent  (i.e.,  preferred 
thermal  habitat)  nor  density-dependent  (i.e,,  cu¬ 
mulative  stocking  density)  factors  adequately  ex¬ 
plain  all  the  observed  variation  in  growth.  Results 
indicate  that  the  density  of  fall  fingerlings  plays  a 
major  role  in  determining  the  density  of  the  forage 
beise.  The  relation  between  the  preferred  thermal 
habitat  and  brook  trout  growth  is  less  clear.  At  low 
stocking  densities,  brook  trout  growth  in  unstrati¬ 
fied  lakes  was  comparable  to  that  of  older  brook 
trout  in  stratified  lakes.  This  is  evidenced  by  the 
lack  of  a  significant  difference  between  ages  1+ 
through  4+  fish  in  the  AFRP  lakes,  which  have  a 
range  of  stocking  densities.  Higher  stocking  densi¬ 
ties  result  in  reduced  growth,  which  would  prob¬ 
ably  be  most  severe  for  older  fish  in  unstratified 
lakes.  Thus,  the  interactions  between  the  preda¬ 
tor-prey  populations  and  the  preferred  thermal 
habitat  act  simTiltaneously  to  regulate  brook  trout 
growth.  This  basic  interaction  between  the  two 
factors  becomes  complex  when  other  factors,  such 
as  spatial  distribution  and  availability  of  prey, 
seasonal  variability  of  the  preferred  thermal  habi¬ 
tat,  and  seasonal  distribution  and  utilization  of  the 
thermal  habitat  by  different  age  fish,  cannot  be 
accoimted  for.  Future  field  studies  should  incorpo¬ 
rate  these  factors. 

Growth  is  not  the  only  issue  affected  by  warm- 
water  conditions.  Brook  trout  rmder  thermal  stress 
or  lack  of  adequate  forage  will  begin  to  starve. 
Starvation  leads  to  reduced  activity  and  other  stir- 
vival  strategies  (Beamish  1964;  Javiad  and  Ander¬ 
son  1967),  which  may  eventually  lead  to  mortality 
as  fish  attempt  to  conserve  energy.  Fish  in  a  weak¬ 
ened  condition  due  to  lack  of  food  or  thermal  stress 
would  probably  be  more  vulnerable  to  predators, 
with  increased  likelihood  of  mortality  from  hyper¬ 
activity  (Black  1958)  due  to  pursuit  by  predators, 
or  postspawning  mortality  because  of  going  into 
the  spawning  season  in  poor  condition. 

Presently,  most  Adirondack  brook  trout  waters 
are  managed  as  monoculture  systems.  In  an  ideal 
growth  environment,  a  range  of  prey  sizes  should 
be  available  for  brook  trout  to  achieve  maximum 
potential  size  at  age.  A  dietary  transition  from 
plankton  to  insects  to  small  fish  would  occur  in 
systems  where  forage  fish  were  present.  In  a  brook 
trout  monoculture,  maintained  by  stocking,  small 
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and  large  trout  are  in  competition  for  the  same 
invertebrate  food  source.  Since  smaller  trout  are 
metabolically  more  efficient  and  can  occupy  larger 
areas  of  the  lake  dining  crucial  summer  periods, 
they  may  outcompete  larger  fish  in  a  monoculture 
system.  Forage  fish  introductions  may  be  neces¬ 
sary  in  thermally  marginal  waters  where  large 
size  of  brook  trout  at  harvest  is  the  desired  man¬ 
agement  goal. 

Conclusions 

1.  An  empirical  probability  model  of  lake  stratifi¬ 
cation  as  a  function  of  maximum  depth  and 
water  color,  developed  from  the  ALSO  data 
bgise,  suggested  that  shallow  (5-10  m  maxi¬ 
mum  depth),  low-color  (<10  Pt  Cobalt  units) 
lakes  were  the  most  sensitive  to  changes  in 
thermal  stratification  status  induced  by 
changes  in  water  color  or  light  attenuation.  The 
model’s  prediction  was  verified  by  observations 
of  changes  in  color,  transparency,  and  thermal 
stratification  in  limed  lakes  after  neutraliza¬ 
tion  and  reacidification,  where  significant 
changes  in  transparency  and  thermal  stratifi¬ 
cation  status  were  observed  only  in  low-color 
lakes. 

2.  Shallow  (6-10  m  maximum  depth),  potentially 
sensitive  ALSO  lakes  (N  =  424)  were  classified 
as  predominantly  weakly  stratified  (73%),  21% 
as  strongly  stratified,  and  6%  as  unstratified. 
On  the  basis  of  an  observed  53%  decrease  in 
water  color  in  one  Adirondack  drainage  system 
during  1944-75,  we  estimated  that  if  a  compa¬ 
rable  change  in  color  had  occurred  in  all  shallow 
lakes  there  would  have  been  22%  more  strongly 
stratified  lakes  present  in  the  1940’s  (56% 
weakly  stratified,  43%  strongly  stratified,  and 
1%  unstratified). 

3.  Preferred  thermal  habitat  for  brook  trout  was 
defined  as  the  lake  region  in  the  temperature 
range  of  10-16°  C,  with  dissolved  oxygen  levels 
greater  than  5  ppm.  Experimental  liming  stud¬ 
ies  demonstrated  that  the  availability  and  volu¬ 
metric  extent  of  this  habitat  is  significantly 
increased  as  a  result  of  decreased  transparency 
and  increased  thermal  stability  after  liming  of 
shallow,  low-color  lakes.  Reacidification  of 
these  lakes  resxilted  in  decreeuses  in  the  avail¬ 
ability  of  preferred  brook  trout  habitat. 


4.  Comparisons  of  brook  trout  growth  in  unstrati¬ 
fied  and  stratified  Adirondack  lakes  revealed 
significantly  greater  mean  weights  for  older 
(>  age  2),  larger  brook  trout  in  stratified  lakes, 
but  no  significant  effects  of  stratification  on 
growth  of  young  (age  1)  trout.  The  smaller  fish 
did  not  seem  to  be  constrained  by  the  observed 
midsummer  thermal  conditions  in  Adirondack 
lakes,  but  growth  seemed  to  be  strongly  density 
dependent. 

5.  Simulations  of  brook  trout  growth  in  unstrati¬ 
fied  and  stratified  lakes  also  predicted  an  in¬ 
creasing  differential  in  weight  at  age  between 
the  lake  iypes  as  a  result  of  summer  reductions 
in  growth  rate  of  brook  trout  in  warm,  unstrati¬ 
fied  lakes.  This  analysis  also  indicated  that 
sustained  growth  in  unproductive  Adirondack 
waters  of  older  brook  trout  (greater  than  age  2), 
beyond  an  approximate  threshold  of  500-600  g 
body  weight,  requires  the  availability  of  low 
(<16°  C)  summer  water  temperatures  that 
would  only  be  available  in  stratified  lakes. 

6.  High  population  density  and  limitations  in  the 
availability  or  extent  of  preferred  thermal  habi¬ 
tat  in  shallow  Adirondack  lakes  are  of  primary 
significance  in  determining  population  growth 
patterns  and  limiting  maximum  size  at  age  for 
older  age  classes  of  brook  trout. 

7.  Brook  trout  populations  presently  most  suscep¬ 
tible  to  negative  impacts  from  acidification-in¬ 
duced  increases  in  transparency  and  conse¬ 
quent  reductions  in  preferred  thermal  habitat 
occur  primarily  in  shallow,  low-color  lakes  that 
are  marginally  acidified  and  either  weakly 
stratified  or  strongly  stratified  with  anoxic  hy- 
polimnia.  On  the  basis  of  results  of  experimen¬ 
tal  liming  studies  (LAMP  and  ELS),  significant 
improvements  in  brook  trout  thermal  habitat 
can  be  achieved  in  these  lakes  by  reducing 
acidity  levels. 

Acknowledgments 

We  thank  the  Adirondack  Lake  Survey  Corpo¬ 
ration,  the  Electric  Power  Research  Institute,  and 
the  Adirondack  League  Club  for  the  provision  of 
data  used  in  this  report.  Funding  for  this  study 
was  provided  by  the  U.S.  Fish  and  Wildlife  Service 
through  Unit  Cooperative  Agreement  14-16-0009- 
1553. 


28  Biological  Report  9 


References 

Aimer,  B.  W.,  C.  Dickinson,  E.  Ekstrom,  E.  Homstrom, 
and  V  Miller.  1974.  Effects  of  acidification  on  Swedish 
lakes.  Ambio  3:30-36. 

Baker,  J.,  and  J.  Gallagher.  1990.  Fish  Communities  in 
Adirondack  lakes.  Pages  3-1  to  3-10  in  Adirondack 
lakes  survey:  an  interpretive  analysis  of  fish  commu¬ 
nities  and  water  chemistry,  1984-87.  Adirondack 
Lake  Survey  Corporation,  Ray  Brook,  New  York. 

Baldwin,  N.  S.  1966.  Food  consumption  and  growth  of 
brook  trout  at  different  temperatures.  Transactions 
of  the  American  Fisheries  Society  86:323-328. 

Beamish,  F.  W.  H.  1964.  Influence  of  starvation  on  stand¬ 
ard  and  routine  oxygen  consumption.  Transactions  of 
the  American  Fisheries  Society  93(1): 103-107. 

Black,  E.  C.  1958.  Hyperactivity  as  a  lethal  factor  in  fish. 
Journal  of  Fisheries  Research  Board  of  Canada 
33:1626-1639. 

Brandt,  S.  B.,  J.  J.  Magnuson,  and  L.  B.  Crowder.  1980. 
Thermal  habitat  partitioning  by  fishes  in  Lake  Michi¬ 
gan.  Canadian  Journal  of  Fisheries  and  Aquatic  Sci-. 
ences  37:1667-1664. 

Bukaveckus,  E  A.,  and  C.  T.  Driscoll.  1990.  Effects  of 
whole-lake  base  addition  on  thermal  stratification  in 
three  acidic  Adirondack  lakes.  Water,  Air,  and  Soil 
Pollution.  69:23-39. 

Cherry,  D.  S.,  K.  L.  Dickson,  J.  Cairns,  Jr.,  and  J.  R 
Stauffer.  1977.  Preferred,  avoided,  and  lethal  tempera¬ 
tures  of  fish  during  rising  temperatures.  Journal  of  the 
Fisheries  Research  Board  of  Canada  34:239-246. 

Cone,  R  S.  1987.  Population  estimation  and  performance 
of  two  brook  trout  strains  stocked  into  Adirondack 
ponds.  M.S.  thesis,  Cornell  University,  Ithaca,  New 
York.  81  pp. 

Coutant,  C.  C.  1977.  Compilation  of  temperature  prefer¬ 
ence  data.  Journal  of  the  Fisheries  Research  Board  of 
Canada  34:739-746. 

Coutant,  C.  C.  1987.  Thermal  preference:  when  does  an 
eisset  become  a  liability?  Environmental  Biology  of 
Fishes  18:161-172. 

Coutant,  C.  C.,  and  D.  L.  Benson.  1990.  Summer  habitat 
s\iitability  for  striped  bass  in  Chesapeake  Bay:  reflec¬ 
tions  on  a  population  decline.  Transactions  of  the 
American  Fisheries  Society  119:757-778. 

Crowder,  L.  B,,  and  J.  J.  Magnuson.  1982.  Thermal 
habitat  shifts  by  fishes  at  the  thermocline  in  Lake 
Michigan.  Canadian  Journal  of  Fisheries  and 
Aquatic  Sciences  39:1046-1060. 

Driscoll,  C.  T,  W  A.  Ayling,  G.  F.  Fordham,  and  L.  M. 
Oliver.  1989.  Chemical  response  of  lakes  treated  with 
CaCOs  to  reacidification.  Canadian  Journal  of  Fish¬ 
eries  and  Aquatic  Sciences  46:258-267. 

Driscoll,  C.  T,  D.  C.  Steuer,  S.  W  Effler,  and  E  A. 
Bukaveckas.  1990.  Thermal  stratification  of  dilute 
lakes:  an  evaluation  of  regulatory  processes  and  bio¬ 
logical  effects  prior  to  and  following  base  addition. 


U.S.  Fish  and  Wildlife  Service,  Agreement  14-16- 
0009-1663. 

Effler,  S.  W,  and  E.  M.  Owens.  1986.  Impact  of  lake 
acidification  on  stratification.  Journal  of  Environ¬ 
mental  Engineering  111:822-832. 

Engstrom-Heg,  R  1979.  Salmonid  stocking  criteria  for 
New  York's  fisheries  program.  New  York  State  De¬ 
partment  of  Environmental  Conservation.  36  pp. 

Evans,  R  A.  1989.  Response  of  limnetic  insect  popula¬ 
tions  of  two  acidic,  fishless  lakes  to  liming  and  brook 
trout  (Salvelinus  fbntinalis)  introduction.  Canadian 
Journal  of  Fisheries  and  Aquatic  Sciences 46:342-361. 

Ferguson,  R  G.  1968.  The  preferred  temperature  of  fish 
and  their  midsummer  distribution  in  temperate 
lakes  and  streams.  Journal  of  the  Fisheries  Research 
Board  of  Canada  16:607-624. 

FHck,  W.  A.,  and  D.  A.  Webster.  1976.  Production  of  wild, 
domestic,  and  interstrain  hybrids  of  brook  trout 
(Salvelinus  fontinalis)  in  natural  ponds.  Journal  of  the 
Fisheries  Research  Board  of  Canada  33:1625-1639. 

Gallagher,  J.,  and  J.  Baker.  1990.  Current  status  of  fish 
communities  in  Adirondack  lakes.  Pages  3-11-3-48. 
in  Adirondack  lakes  survey:  an  interpretive  analysis 
of  fish  communities  and  water  chemistry,  1984-87. 
Adirondack  Lake  Survey  Corporation,  Ray  Brook, 
New  York. 

Gloss,  S.  E,  C.  L.  Schofield,  and  M,  D.  Marcus.  1989a. 
Liming  and  fisheries  management  guidelines  for 
acidified  lakes  in  the  Adirondack  region.  U.S.  Fish 
and  Wildlife  Service,  National  Ecology  Research  Cen¬ 
ter— Leetown,  Keameysville,  W.Va.  Biological  Report 
80(40.27),  xi  +  59  pp. 

Gloss,  S.  E,  C.  L.  Schofield,  B.  Plonski,  andR.  Spateholts. 
1989b.  Survival,  growth,  reproduction,  and  diet  com¬ 
position  of  brook  trout  (Salvelinus  fontinalis)  in  acidic 
lakes  after  liming.  Canadian  Journal  of  Fisheries  and 
Aquatic  Sciences  46:277-286. 

Haraldstad,  O.,  and  B.  Jonsson.  1983.  Age  and  sex  seg¬ 
regation  in  habitat  utilization  by  brown  trout  in  a 
Norwegian  lake.  Transactions  of  the  American  Fish¬ 
eries  Society  112:27-37. 

Hatch,  R.  W.  1961.  Regular  occurrence  of  false  annuli  in 
four  brook  trout  populations.  Transactions  of  the 
American  Fisheries  Society  90:6-12. 

Hokanson,  K.  E.  E,  J.  H.  McCormick,  B.  R  Jones,  and 
J.  H.  Tucker.  1973.  Thermal  requirements  for  matu¬ 
ration,  spawning,  and  embryo  survival  of  the  brook 
trout,  Salvelinus  fontinalis.  Journal  of  the  Fisheries 
Research  Board  of  Canada  30:975-984. 

Javaid,  M.  Y,  and  J.  M.  Anderson.  1967.  Influence  of 
starvation  on  selected  temperature  on  some  sal- 
monids.  Journal  of  the  Fisheries  Research  Board  of 
Canada  24:1515-1519. 

Keller,  W.  T.  1979.  Management  of  wild  and  hybrid  brook 
trout  in  New  York  lakes,  ponds,  and  coastal  streams. 
New  York  State  Department  of  Environmental  Con¬ 
servation.  Ray  Brook,  New  York.  40  pp. 


Thermal  Stratification  of  Dilute  Lakes  29 


Kerr,  S.  E  1971.  Prediction  of  fish  growth  efficiency  in 
nature.  Journal  of  the  Fisheries  Research  Board  of 
Canada  28:809-814. 

Lackey,  R.  T.  1970.  Seasonal  depth  distributions  of 
landlocked  Atlantic  salmon,  brook  trout,  laindlocked 
alewives,  and  American  smelt  in  a  small  lake.  Jour¬ 
nal  of  the  Fisheries  Research  Board  of  Canada 
27:1666-1661. 

Linthurst,  R  A.,  D.  H.  Landers,  J.  M.  Filer,  D.  E 
Brakke,  W.  S.  Overton,  E.  E  Meier,  and  R.  E.  Crowe. 
1986.  Characteristics  of  lakes  in  the  eastern  United 
States.  Vol.  1:  Population  descriptions  and  physical- 
chemical  relationships.  EPA/ 600/4-86 /007a,  U.S. 
Environmental  Protection  Agency,  Washington,  D.C. 
136  pp. 

MacCrimmon,  H.  R.,  and  J.  S.  Campbell.  1969.  World 
distribution  of  brook  trout,  Salvelinus  fontinalis. 
Journal  of  the  Fisheries  Research  Board  of  Canada 
26:1699-1725. 

MacCrimmon,  H.  R,  B.  L.  Gots,  and  J.  S.  Campbell. 
1971.  World  distribution  of  brook  trout,  Salvelinus 
fontinalis:  further  observations.  Journal  of  the  Fish¬ 
eries  Research  Board  of  Canada  28:452-456. 

Magnuson,  J.  J.,  L.  B.  Crowder,  and  E  A.  Medvick.  1979. 
Temperatme  as  an  ecological  resource.  American  Zo¬ 
ology  19:331-343. 

Malley,  D.  E,  D.  L.  Findlay,  and  E  S.  S.  Chang.  1982. 
Ecological  effects  of  acid  precipitation  on  zooplank¬ 
ton.  Pages  297-321  in  F.  N.  Dltri,  editor.  Acid  precipi¬ 
tation:  effects  on  ecological  systems.  Ann  Arbor  Sci¬ 
ence  Co.,  Ann  Arbor,  Mich. 

Moss,  B.  1980.  Ecology  of  fresh  waters.  Blackwell  Scien¬ 
tific  Publications,  Osney  Mead,  Oxford,  England. 

Power,  G.  1980.  The  brook  chair,  Salvelinus  fontinalis. 
Pages  141-203  in  E.  K.  Balon,  editor.  Chairs:  sal- 
monid  fishes  of  the  genus  Salvelinus,  Junk  Publish¬ 
ers,  Netherlands. 

Schofield,  C.  L.,  Jr.  1972.  The  ecological  significance  of 
air  pollution  induced  changes  in  water  quality  of 
dilute  lake  districts  in  the  Northeast.  Pages  98-112 
in  Transactions  of  the  Northeast  Fish  and  Wildlife 
Conference. 

Schofield,  C.  L.  1976,  Dynamics  and  Management  of 
Adirondack  Fish  Populations.  Project  Report  F-28-R- 


4,  New  York  State  Department  of  Environmental 
Conservation,  Albany,  New  York.  42  pp. 

Schofield,  C.  L.  1990.  Habitat  suitability  for  brook  trout 
natural  reproduction  in  Adirondack  lakes.  Pages  3- 
45-3-71  in  Adirondack  lakes  survey:  an  interpretive 
analysis  of  fish  communities  and  water  chemistry, 
1984-87.  Adirondack  Lake  Survey  Corporation,  Ray 
Brook,  New  York. 

Schofield,  C.  L.,  S.  E  Gloss,  B.  Plonski,  and  R.  Spate- 
holts.  1989.  Production  and  growth  efficiency  of 
brook  trout  {Salvelinus  fontinalis)  in  two  Adirondack 
mountain  (New  York)  lakes  following  liming.  Cana¬ 
dian  Journal  of  Fisheries  and  Aquatic  Sciences 
46:333-341. 

Schofield,  C,  L,,  S,  E  Gloss,  and  D.  Josephson,  1986. 
Extensive  evaluation  of  lake  liming,  restocking 
strategies,  and  fish  population  response  in  acidic 
lakes  following  neutralization  by  liming.  Interim  Pro¬ 
gress  Report  NEC-86 /18,  U.S.  Fish  and  Wildlife 
Service,  Eastern  Energy  and  Land  Use  Team, 
Keameysville,  W.Va.  117  pp. 

Shearer,  J.  A.,  E.  J.  Fee.,  E.  DeBruyn,  and  D.  R.  De- 
Clerq.  1987.  Phytoplankton  primary  production  and 
light  attenuation  responses  to  the  experimental 
acidification  of  a  small  Canadian  Shield  lake.  Cana¬ 
dian  Journal  of  Fisheries  and  Aquatic  Sciences. 
Supplement  1,  44:83-90. 

Snedecor,  G,,  and  W.  Cochran.  1980.  Statistical  methods. 
Iowa  State  University  Press,  Ames.  634  pp. 

Staubitz,  W.  W,  and  P  J.  Zarriello.  1989.  Hydrology  of 
two  headwater  lakes  in  the  Adirondack  Movmtains  of 
New  York.  Canadian  Journal  of  Fisheries  and 
Aquatic  Sciences  46:268-276. 

Steinberg,  D.  1988.  LOGIT  a  supplementary  module  for 
SYSTAT  and  SYGRAPH.  Systat,  Inc.,  Evanston,  Ill. 

18  pp. 

Wetzel,  R.  G.,  and  G.  E.  Likens.  1979,  Limnological 
analyses.  W.  B.  Saunders  Co.  Philadelphia,  Pa. 
743  pp. 

Yan,  N.  D.  1983.  Effects  of  changes  in  transparency  and 
thermal  regimes  of  Lohi  Lake,  near  Sudbury,  On¬ 
tario.  Canadian  Journal  of  Fisheries  and  Aquatic 
Sciences  40:621-626. 


30  Biological  Report  9 


Appendix 


Appendix  Table  1.  Observed  growth  in  brook  trout  fSalvelinus  fontinalisj  in  strongly  stratified 
Adirondack  Fishery  Research  Program  lakes,  1979-90. 


Lake 

Age 

(years) 

Saunple 

(n) 

Mean  length 
(millimeters) 

Mean  weight 
(grams) 

Chambers 

1 

293 

245.9 

142.8 

2 

41 

292.6 

228.8 

3 

2 

315.0 

322.1 

Fourth  Bisby 

1 

778 

284.3 

237.2 

2 

238 

362.1 

610.2 

3 

40 

408.9 

762.0 

4 

7 

438.3 

898.0 

Gk)ose 

1 

534 

251.2 

171.7 

2 

142 

309.7 

322.7 

3 

13 

352.2 

507.8 

4 

2 

356.8 

476.3 

Green 

1 

12 

277.2 

195.3 

2 

26 

348.8 

458.2 

3 

7 

403.1 

666.3 

4 

1 

452.0 

1,134.0 

Otter 

1 

330 

255.5 

173.3 

2 

137 

310.8 

311.4 

3 

21 

345.2 

409.7 

4 

3 

364.1 

603.3 
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Appendix  Table  2.  Observed  growth  in  brook  trout  (Salvelinus  fontinalis^  in  weakly  stratified  Adirondack 

Fishery  Research  Program  lakes,  1979-90. 


Lake 


Age  Sample  Mean  length  Mean  weight 

(years)  (n)  (millimeters)  (grams) 


Canachagala  1 

2 

3 

4 
1 
2 

3 

4 


350 

271.1 

215.4 

395 

351.4 

481.9 

21 

418.9 

578.1 

11 

457.2 

961.6 

717 

271.4 

194.5 

188 

317.9 

309.7 

57 

317.5 

317.2 

20 

328.2 

328.2 

Mountain 
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Appendix  Table  3.  Observed  growth  in  brook  trout  fSalvelinus  fontinalis)  in  unstratified  Adirondack 

Fishery  Research  Program  lakes,  1979-90. 


Lake 


Age  Sample  Mean  length  Mean  weight 

(years)  (n)  (millimeters)  (grams) 


Deer 


Jones 


Rock 


1 

639 

276.4 

206.6 

2 

148 

337.1 

386.2 

3 

30 

382.8 

619.3 

4 

2 

376.9 

444.6 

1 

14 

186.4 

64.4 

2 

6 

261.6 

146.2 

3 

4 

274.3 

199.6 

4 

1 

302.3 

263.1 

1 

433 

267.9 

166.8 

2 

48 

386.6 

674.9 

3 

6 

434.3 

912.7 

4 

8 

403.9 

777.4 

1 

48 

243.7 

129.9 

2 

71 

287.4 

206.7 

3 

76 

322.1 

280.6 

4 

3 

381.0 

636.7 

Wheeler 
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Appendix  Table  4.  Regression  analysis  for  the  relation  between  mean  weight,  preferred  thermal  habitat, 
and  stocking  density  in  Adirondack  Fishery  Research  Program  lakes  for  age  1  +  brook  trout  fSalvelinus 
fontinalis). 


Independent 
Typ®  variables 

Coefficient 

P(2-tailed) 

Adjusted 

ANOVA 

F-ratio 

P 

Simple  regression 

XI 

0.000 

0.291 

0.004 

1.148 

0.291 

X2 

0.001 

0.823 

0.000 

0.051 

0.823 

X3 

-0.003 

0.000 

0.293 

17.606 

0.000 

X4 

-0.003 

0.000 

0.293 

17.606 

0.000 

Multiple  regression 

XI 

-0.000 

0.863 

-- 

— 

— 

xs 

-0.003 

0.000 

0.275 

8.599 

0.001 

XI 

-0.000 

0.863 

— 

— 

— 

X4 

-0.003 

0.000 

0.275 

8.599 

0.001 

X2 

-0.001 

0.892 

— 

— 

— 

X3 

-0.003 

0.000 

0.275 

8.591 

0.001 

X2 

-0.000 

0.892 

— 

— 

— 

X4 

-0.003 

0.000 

0.275 

8.591 

0.001 
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Appendix  Table  5,  R^ression  analysis  for  the  relation  between  mean  weight,  preferred  thermal  habitat, 
and  stocking  density  in  Adirondack  Fishery  Research  Program  lakes  for  age  2+  brook  trout  fSalvelinus 
fontinalis). 


Independent 
Type  variables 

Coefficient 

P(2-tailed) 

Adjusted 

if 

ANOVA 

F-ratio 

P 

Simple  regression 

XI 

0.000 

0.029 

0.101 

5.162 

0.029 

X2 

0.002 

0.795 

0.000 

0.068 

0.795 

X3 

-0.006 

0.000 

0.459 

32.329 

0.000 

X4 

-0.003 

0.000 

0.536 

43.759 

0.000 

Multiple  regression 

XI 

0.000 

0.321 

— 

— 

X3 

-0.005 

0.000 

0.459 

16.677 

0.000 

XI 

0.000 

0.405 

— 

— 

— 

X4 

-0.002 

0.000 

0.532 

22.059 

0.000 

X2 

-0.002 

0.697 

— 

— 

— 

X3 

-0.005 

0.000 

0.445 

16.862 

0.000 

X2 

-0.002 

0.730 

— 

— 

— 

X4 

-0.003 

0.000 

0.524 

21.406 

0.000 
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Appendix  Table  6.  Regression  analysis  for  the  relation  between  mean  weight,  preferred  thermal  habitat, 
and  stocking  density  in  Adirondack  Fishery  Research  Program  lakes  for  age  5+  brook  trout  (Salvelinus 
fontinalis). 


Independent 
T^pe  variables 

Coefficient 

P(2-tailed) 

Adjvisted 

F? 

ANOVA 

F-ratio 

P 

Simple  regression 

XI 

0.000 

0.014 

0.186 

6.936 

0.014 

X2 

0.007 

0.651 

0.000 

0.365 

0.551 

X3 

-0.008 

0.000 

0.582 

37.202 

0.000 

X4 

-0.002 

0.000 

0.695 

60.159 

0.000 

Multiple  regression 

XI 

0.000 

0.108 

— 

— 

X3 

-0.008 

0.000 

0.610 

21.336 

0.000 

XI 

0.000 

0.217 

— 

— 

— 

X4 

-0.002 

0.000 

0.702 

31.613 

0.000 

X2 

0.004 

0.599 

— 

— 

— 

X3 

“0.008 

0.000 

0.670 

18.211 

0.000 

X2 

0.002 

0.818 

— 

— 

— 

X4 

-0.002 

0.000 

0.683 

28.968 

0.000 
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Appendix  Table  7.  Regression  analysis  for  the  relationships  between  mean  weight,  preferred  thermal 
habitat,  and  stocking  density  in  Adirondack  Fishery  Research  Program  lakes  for  age  4+  brook  trout 
(Salvelinus  fontinalisj. 


Independent 
Type  variables 

Coefficient 

P(2-tailed) 

Adjusted 

ANOVA 

F-ratio 

P 

Simple  regression 

XI 

0.000 

0.049 

0.173 

4.653 

0.049 

XI 

0.000 

0.049 

0.173 

4.663 

0.049 

X2 

0.019 

0.312 

0.006 

1.091 

0.312 

X3 

-0.006 

0.003 

0.490 

49.386 

0.000 

X4 

-0.002 

0.000 

0.740 

49.385 

0.000 

Multiple  regression 

XI 

0.000 

0.221 

— 

— 

— 

X3 

-0.005 

0.002 

0.431 

7.437 

0.006 

XI 

0.000 

0.374 

— 

— 

— 

X4 

-0.002 

0.000 

0.737 

24.868 

0.000 

X2 

0.012 

0.423 

— 

— 

— 

X3 

-0.006 

0.004 

0.396 

6.583 

0.009 

X2 

0.008 

0.452 

— 

— 

— 

X4 

-0.002 

0.000 

0.733 

24.366 

0.000 
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